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MOCHJIATHCSI HAa TOBHI TEKCTH CBOIX crateil. JKypHan no3Boise MOBTOpHE
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JKypnana pedepyerbes Ta iHAEKCY€EThCS Y IPOBITHUX MKHAPOJIHUX Ta
HaLliOHAIBHUX pe)epaTHBHUX JKypHallaX i HAyKOMETPHYHUX 0aszax JaHHX, a
TaKOX PO3MIILYEThCsl Y UUdpoBUX apxiBax Ta 6i06mioTeKax 3 GE3KOIITOBHUM
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JIOLeHT Kadyepu mporpamMHuX 3aco6iB, HamionanbHuii yHiBepcHTeT «3amopizbka
noJliTexHika», Ykpaina,;

MagiaikoB Bosoaumup BosoAHMMHPOBHY — JOKTOp TEXHIYHMX HayK,
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Hammuoskuii Mapuin  — goktop Hayk, mpodecop, mpodecop Bimmimy
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JIUPEKTOp €PEeBaHCHKOr0 HAYKOBO-IOCIIHOTO IHCTUTYTY 3ac00iB 3B’513Ky, Ipodecop
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(akynbrery imkenepii, YHiBepcuter MaxkMactepa, I'aminsTon, Kanana;

TaBxeqiaze ABTaHILT — KaHAUIaT Bi3UKO-MaTEMAaTHYHUX HayK, mpodecop,
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ABSTRACT

Context. Transition of modern electronics to higher frequencies is directly related with an extremely important problem of
miniaturization of microwave integrated circuits. Conventional planar structures such as microstrip directional couplers have the
feature — their linear dimensions are defined by the wavelength in the transmission lines, so the use of such structures for
miniaturization of microwave integrated circuits becomes problematic.

Objective. Using 3D-structures on combinations of transmission lines to study frequency properties of two possible
implementations of quarter-wave directional couplers based on a combination of microstrip and slot transmission lines. Obtaining
simple analytical expressions for calculating the electrophysical parameters of these directional couplers and confirm their properties
by rigorous electrodynamic calculation.

Methods. An even-odd mode decomposition technique and the scattering matrix theory were used to derive simple analytical
formulas for calculating impedances of transmission line segments that define the topology of couplers considered.

Results. Electrodynamic modeling of proposed couplers with dispersion and losses in the lines showed that the proposed
constructions have better frequency characteristics in comparison with traditional three-branch microstrip directional couplers. It is
also shown that the considered designs of couplers have great potential in the selection of the desired electrical characteristics of
devices.

Conclusions. The presented compact couplers can find a broad range of applications in mobile communication systems for
decoupling of channels, division of power and frequency conversion. The method of transition from planar to three-dimensional
structures used in the development of directional couplers on combinations of transmission lines permits not only to create compact
devices with desired characteristics but also paves the way for significant decrease in the size and costs of the broad range of
electronic equipment utilizing such couplers.

KEYWORDS: Directional couplers, microstip and slot lines, microwave integrated circuits.

NOMENCLATURE communication systems where the problem of

k is the power division ratio between operating ports; miniaturization is of crucial importance. An important
Z; is the impedance of corresponding line; part of many microwave circuits are directional couplers
Ai is the wavelength in corresponding line; on the base of microstrip lines which are used not only as
Sjj is the element of scattering matrix; decoupling devices with the function of bridges but also
Wi is the width of corresponding line. as circuit elements for directional diversion of a certain
part of the power from the main line. For consistent

INTRODUCTION mathematical description of such couplers, it is

Microwaves and millimeter-waves are rapidly finding  convenient to apply an even-odd mode decomposition
new applications. These include modern mobile technique using symmetry properties of the circuit [1].
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It is well known that increasing the number of
branches in the coupler leads to better coupler parameters
in the frequency band. Moreover, if the condition of equal
power division is set which corresponds to the hybrid
coupler it is necessary to increase the impedance of end
branches to ensure the matching requirements. This fact
imposes technological limitations in the implementation
of strip structures on substrates with &, ~10 and

therefore in practice two-branch couplers are the most
widely used. However if an unequal power division is
used instead one can avoid most of the above-mentioned
technological limitations as shown in [2]. For the co-
directional coupler the power division ratio between
operating ports 3 and 4 is defined as

K= S’

ISl '

(M

Then for a two-branch coupler (Fig. 1) the ratios for
determining the impedances of branches will have the
form

ko )

21:ZO'N/E; ZzZZO' k+1

Here Z, is the input impedance.
For a three-branch coupler (Fig. 2) one can implement
different relations between the impedances.

hafd

Figure 1 — Two-branch microstrip coupler
Aot Ao
I

Figure 2 — Three-branch microstrip coupler

For example, two options discussed in [2] are:

— option 1:

7 = ZO 7 _ZO 7 _Zo\/k+1 (3)
AR T N e
— option 2

© Romanenko S. N., Dmitrenko V. P., Tverdenko A. V., 2019
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22 220,23 :Zo\/k+1. (4)

7-—% _
! Jk+1-+k’

It should be noted that relations (3) or (4) are not
unique. In these formulas, only Z; parameter is uniquely
determined, and one of the other two parameters of Z, or
Z; (which are related to each other by a certain ratio) can
be selected in accordance with technological or other
limitations. This means that, for example, the formula for
Z; in (3) is obtained by choosing ZZZZO/\/2, and in (4), the
expression for Z; is obtained by choosing Z,= Z,. With a
different choice of Z, expressions for Z; will be different.

In the case of a four-branch coupler several different
relations between the characteristic impedances may also
be realized [2].

Fig. 3 shows the frequency dependence of the
scattering parameters of two- and four-branch 3 dB
lossless directional couplers (quadrature hybrids) in the
frequency range 0.5f, up to 1.5fy, where f; is the

operating frequency.
0

I
=

S-parameters in dB
|
N

=30
0.3 fify 13

Figure 3 — Frequency dependence of scattering parameters of
two-branch (red line) and four-branch (green line) quadrature
hybrids

It can be seen from Fig. 3, when the number of
branches is increased the operating bandwidth of the
coupler is expanded but the longitudinal dimensions of
the device are increased significantly in this case.

1 PROBLEM STATEMENT

As mentioned above, the main disadvantages of
traditional microstrip couplers are large size and
technological limitations when using substrates with
gr =10. Table 1 shows the parameters of traditional 3-
and 4-branch microstrip couplers, which is non-
technological (Z, for 3-branch and Z, and Z, for 4-
branch) and at the same time, the longitudinal dimensions
of these couplers are large enough (A,/2 for 3-branch
and 3A,/4 for 4-branch couplers).

Table 1 — Non-technological parameters Z; and Z,

Z Z Z Z
Coupler k Ohm Obm Ohm | Ohm
vbrann L | 120711 35355 | 35355 | -

1| 120711 50 70711 | -

2 | 157313 35355 | 43301 | -
3-branch 5053 50 86.603 | -
4branch | 2 150 130 3329 | 2438
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In this regard the task of the primary importance is the
development of a new structures of small directional
couplers with sufficiently wide bandwidth and without
technological restrictions in the manufacturing process on
dielectric substrates with a large value of g,. This

problem can be successfully solved by using the idea of
combining different types of transmission lines.

2 REVIEW OF THE LITERATURE

In the literature at the miniaturization of microwave
devices focus is on the development of new element base
based on the traditional planar structures. So in [3] for the
reduction in the size of microwave devices is proposed to
use buried microstrip lines, which have better
electrodynamic parameters as compared to conventional
microstrip lines. The works [4, 5, 6] are dedicated to the
use of air-gap transmission lines for millimeter-wave
applications. Various variants of microstrip lines with
inclusions of SRR-structures (split-ring resonators) to
reduce the size and improve the electrical characteristics
of microwave devices are discussed in [7, 8, 9]. Several
examples of using combinations of different planar type
transmission lines to create directional couplers are given
in [10]. A wide review of the use of known types of
planar structures for miniaturization of microwave and
millimeter-wave integrated circuits is presented in [11,
12] where it is noted that further progress in this area
should be associated with the transition to the three-
dimensional structures.

3 MATERIALS AND METHODS

The first conceptual design of a compact coupler on a
combination of microstrip and slot line is shown in
Fig. 4 a where the top plane is the topology of stripline
structure and the lower plane is the topology of slotline
structure. Numbers 1, 2, 3, 4 correspond to the numbers of
ports of the device and Z,, Z,, Z; are the impedances of
corresponding lines. The equivalent scheme of the coupler
is shown in Fig. 4 b).

[

N/

b
Figure 4 — Topology a) and equivalent scheme b) of the coupler
on the combination of microstrip and slot lines. Arrows on the

equivalent scheme show electric field directions in the lines

I
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The scattering matrix of such coupler using even-odd
mode decomposition technique and a symmetry of the
scheme can be written in the general case as

EG —jEF FH jGH

1 |-jEF EG jGH FH
S=—— . h (5)

F2.G%| FH jGH EG -jEF

jGH FH —jEF EG

where E =227 +22%7,+2{Z5; H=22,23;
F=22,2,(Zy+23) G=232,-22%2, - 72}Z;.

It can be seen from Fig. 4 b) that this scheme of
coupler is anti-directional; in this design working ports

are 2 and 3 and port 4 is isolated. Accordingly the power
division ratio will be determined by the expression

S 2
(=l (©)
831

If the conditions of matching and decoupling are
fulfilled (Sjj =S4y =0) then matrix (5) can be simplified
and takes the form

0 —JEF FH 0

1 FjEF 0 o FH
:_2 - ) (7)

F2| FH 0 0 -jEF

0 FH —jEF 0

from which using (6) it is easy to obtain unambiguous
relations for calculating the impedances Z, and Z; from Z,

and k:
1++/1+k
ﬁ

Another design of a compact coupler on the
combination of microstrip and slot line is shown in Fig.5.
The notation here is same as in Fig. 4.

Z,=2, . Z3=21-JK, (8)

Figure 5 — Another proposed coupler topology based on the
combination of microstrip and slot lines

Analogously to the structure shown in Fig. 4, the
general form of the scattering matrix of this coupler is of
the form:
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-jEG -EF FH jGH

s__ | |FEF —JEG jGH  FH| o)
F2,G2| FH jGH -JEG —EF
jGH FH —EF - jEG

where E=Z7 +73 +2Z,Z5; H=22,Z5;
F=22,(Z,+23); G=-2{ + 23 +2Z,Z5.

Under conditions of full matching and decoupling
matrix (9) can be simplified:

0-EF FH 0
s_ L|-EF 0 0 FH
" F2| FH 0 0 -EF|

0 FH-EF 0

(10)

from which simple formulae to calculate the impedances
7, and Z; are obtained:

itk -1 z
+T’ Z3=T|1<' (11)

Calculated frequency dependences of scattering
parameters for both of the proposed combined
microstrip/slot line coupler designs are shown in Fig. 6 (red
and green lines). The calculation assumes no dispersion, no
losses in the lines, and equal division of power between the
output ports. For comparison, the isolation of a classic
variant of the three-branch microstrip line hybrid bridge is
shown in the same figure (blue curve).

Fig. 6 shows that in the operating band both schemes
of couplers have nearly identical -characteristics.
Importantly, it is apparent from comparison of the curves,
both of the proposed designs have better isolation
(comparison of red, green and blue line in Fig. 6) as
compared to the conventional three-branch hybrid bridge
built on a microstrip lines.

Zz=zl'

|
—
=]

S-parameters in dB
I
=]

|
[
=

03 £/fy %

Figure 6 — Frequency dependence of the scattering parameters of
the couplers built on a combination of microstrip and slot lines:
design from Fig. 4 — red line, design from Fig. 5 — green line,
the three-branch microstrip line hybrid bridge — blue line

4 EXPERIMENTS
The simplest variant of topology of proposed
directional coupler on combinations of strip and slot
transmission lines, corresponding to Fig. 4, is represented
on Fig. 7 where Fig. 7 a) shows the topology of microstrip
structure and Fig. 7 b) the topology of slotline structure.

© Romanenko S. N., Dmitrenko V. P., Tverdenko A. V., 2019
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AWR Design Environment (MWO) was used to model
this structure with the dispersion and losses in the lines.
On the figures also shown the decomposition of
microstrip and slot line structures to reach good accuracy
of calculations.

TR

[ ot

Figure 7 — Topology of layers in the MWO:
a) stripline and b) slotline structures

It should be noted, that the characteristics of proposed
structure is rather sensitive to varying the topology. For
example, small modification of coupler slotline structure
(with the same stripline structure) as shown in Fig. 8 can
significantly change the frequency characteristics of the
circuit.

Figure 8 — Modification of the coupler slotline structure
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5 RESULTS
Electrodynamic simulation was performed in the
frequency range 12-16 GHz using a dielectric GaAs
substrate of thickness h = 1 mm and parameters &, =9.8

and tgd = 0.0005 . Simulation results of the coupler with

the power division ratio in working arms k=5 are shown
in Fig. 9. Under these conditions, the geometric
dimensions of the structure were as follows: microstrips
(Z,=50 Q) W =1.037 mm, (Z,=77.133 Q) W,=0.354 mm,
slot line (Z;=111.803 Q) W;=0.637 mm.

S-parameters in dB

10 . - .
-~ DB(IS(4,1)])
Dmitr

= DB(|S(2,1)])
Dmitr
-2 DB(|S(3,1)))
Dmitr

.

-20

-30

-40

Frequency (GHz)

Figure 9 — The frequency characteristics of the directional
coupler in the MWO

As noted above the proposed method of designing
multilayer structures on combinations of transmission
lines has a very great potential in the selection of the
required electrical performance of the devices. For
example in the case under consideration changing coupler
slotline structure as shown in Fig. 8 significantly improve
the frequency characteristics of the circuit that is shown in
Fig. 10.

S-parameters in dB

b TR S - =) &
- ——i———— A s

-20

b = - DB(S(.1))
e Dmitr

-40 -. g = DB(IS(2.1)])

% Dmitr

50 & DB(|S(3,1)))

Yof Dmitr

-60

Frequency (GHz)

Figure 10 — Characteristics for modified slotline structure

As one can see such simple modification of slotline
structure leads to a significantly (about 20 dB) improved
isolation (S41) at the operating frequency as compared
with the previous version of structure. It also expands the
working frequency band of the circuit and improves
matching across it that is shown on Fig. 11 where it is

© Romanenko S. N., Dmitrenko V. P., Tverdenko A. V., 2019
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seen VSWR < 2 over the entire frequency range with the
minimum value of VSWR = 1.04 at the operating
frequency, which demonstrates excellent matching of
scheme with the line having characteristic impedance of
50 Ohms.

- VSWR(1)
Dmitr

12 13 14 15 16
Frequency (GHz)

Figure 11 — Frequency dependence of VSWR of the coupler
in the frequency range

6 DISCUSSION

In this paper the method of transition from planar to
three-dimensional structures and based on this idea
develop the designs of directional couplers on
combinations of transmission lines is presented. In
particular, two variants of compact 3D couplers on
combination of microstrip and slot lines are presented.
Using the even- and odd-mode excitation and the
symmetry of schemes the scattering matrices of couplers
are obtained for general case. From the conditions of full
matching and isolation, simple formulae are obtained for
calculating impedances of A/4 transmission line
segments that define the topology of the couplers. These
formulae are convenient for engineering calculations and
allow rapid analysis of schemes with the help of existing
automated systems.

It should be noted that in work [10] several variants of
structures of directional couplers on combinations of
transmission lines are considered, however, there are no
results of theoretical analysis, numerical simulation or
experiment. In other literary sources, the authors did not
find analogues of similar structures. Thus, the directional
couplers considered in this paper are proposed for the first
time and their characteristics are described in detail
analytically and verified by numerical simulation.

The proposed method of designing multilayer
structures on combinations of transmission lines has a
very great potential in the selection of the required
electrical performance of the devices.

CONCLUSIONS
The proposed directional couplers are small in size but
have better frequency characteristics than a classic three-
branch  coupler on microstrip lines. Detailed
electrodynamic modeling with the dispersion and losses
in the lines confirms the characteristics of proposed

11
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AHOTAIIA

AxTyanbHicTh. [lepexin cydacHOi eNEKTPOHIKM Ha OUIBII BHCOKI 4acTOTH Oe3locepeiHbO IOB’SI3aHMK 3 HAJ3BUYAIHO
B)XJIMBOIO IpoOIeMoro MiHiaTopu3anii iHterpanmpHux cxeM HBUY. TpamumiiiHi mIocki CTPyKTypHW, Taki SK MiKPOCMYIKKOBI
CIpsIMOBaHi BiJrayyXyBadi, MalOTh OCOOJNHUBICTh — iX JIHIHHI PO3MipH BH3HAYAIOThCS AOBXKMHOIO XBWIII B JIHISX Hepenadi, TOMYy
BUKOPUCTAHHS TaKHX CTPYKTYp Ul MiHiaTropu3auii interpansHux cxem HBY crae mpobieMaTHaHNM.

Mera. Bukopucrauns 3D-cTpykTyp Ha KoMOiHaUisX JiHIM Hepeaadi [l BUBYCHHS YAaCTOTHHUX BIIACTHBOCTEH JBOX MOXIIMBUX
peamizamiii 4BEpPTHXBHJIBOBHX CIPSIMOBAHMX BiATamyKyBadui Ha KoMOiHamii MIKPOCMY>KKOBHX 1 LIUIMHHUX JIiHIM mepexadi.
OTpuMaHHS TPOCTHUX AHATITUYHUX BUPA3iB IS PO3PAXYHKY EJIEKTPO(I3MYHHX MapaMeTpiB HUX CIPSIMOBAHUX BiATANyXKyBadiB i
MATBEPDKEHHS 1X BIaCTUBOCTEH CYBOPUM €JICKTPOANHAMIYHAM PO3PaXyHKOM.

Metoan. Metox cuHdaszHOTO i mpotudazHOro 30ymKEHHS 1 Teopis MAaTPUIb PO3CIIOBaHHS OyJIM BUKOPHUCTAHI IJISI OTPUMAaHHS
NPOCTHX AaHATITHYHUX (HOPMYJI JUIsl PO3paxyHKy IMIIE[aHCIB CEIMEHTIB JIiHIH mepenadi, siKi BU3HAYAIOTh TOIOJIOTIIO PO3IIITHYTHX
BIATaJTy>KyBauiB.

Pe3yabraTn. EjexkrpoauHaMiuHe MOAGTIOBaHHS MPOIOHOBAHUX BiArany)KyBadiB 3 JAUCIEPCI€l0 i BTpaTaMu B JHISX MOKa3alo,
II0 MPOIMOHOBAaHI KOHCTPYKLIi MAalOTh Kpallli YacTOTHI XapaKTEPUCTHUKH B TOPIBHSHHI 3 TPaJULIHHUMHU TpexuuiedpHUMI
MIKPOCMY>KKOBUMI CIIPAMOBAaHUMI BiaramgyXyBadami. Takok IOKa3aHO, IIO PO3IJISIHYTI KOHCTPYKIII BiAramayXyBadiB MarTh
BEJIMKHH TMTOTEHIIia] y BHOOPi HEOOXITHUX €TEKTPHYHUX XapaKTEPUCTHK IIPHUCTPOIB.

BucnoBkun. [IpeacraBneni KOMIIAKTHI BiragyKyBadi MOXKYTh 3HAHTH IIMPOKE 3aCTOCYBAaHHS B CHCTEMAaX MOOIIBHOTO 3B’SI3KY
JUISL pO3B’SI3KM KaHAJIB, MOAUTY MOTY)KHOCTI 1 HEPEeTBOPEHHS YacTOTH. MeToJ Iepexoy Bif IUIOCKHX JIO0 TPUBHMIPHHX CTPYKTYD,
BUKOPUCTOBYBaHMI P PO3pOOLIl CIIPSIMOBAHUX BiAraayKyBadiB Ha KOMOIHAISIX JIiHIH Mepenadvi, 103BOJIsE HE TIIBKU CTBOPIOBATH
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KOMITaKTHI TIPUCTPOI 3 33laHIMHU XapaKTePUCTUKAMM, aJle 1 BiAKPHBA€E IUIAX O 3HAYHOTO 3MEHIICHHS PO3MIpPIB 1 IiHA MIUPOKOTO
CIIEKTPY €JIEKTPOHHOTO 00JIaJHAHHS, 10 BUKOPUCTOBYE TaKi Bifraiy>KyBadi.
KJIIOYOBI CJIOBA: CnpsiMoBaHHii BifrayKyBad, MiIKpOCMY>KKOBa 1 IIIIJIMHHA JIiHii, iHTerpansHa cxema HBY.
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KOMITAKTHBIE HAITPABJIEHHBIE OTBETBUTEJIN C HCIIOJIb30BAHUEM KOMBUHAIIUN
MUKPOITOJIOCKOBBIX M IIEJEBBIX JAHUN

Pomanenxko C. H. — xkaHn. ¢us.-mar. Hayk, IOUEHT KadeApbl 3aliuThl HH(pOpMANWM, HAMOHAJIBHBIA YHHBEPCHUTET

«3amoporxckas MOJTUTEXHUKa», 3allOPOKbe, YKpanHa.
[ Amutpenko B. TL]|- kauj. Texu. HayK, JOUEHT KadeApbl PATMOTEXHUKM M TEJICKOMMYHUKAIUH, HAMOHATbHBINA yHUBEPCUTET

«3anoporKCcKas IOJTUTEXHUKA, 3aTI0POXKEE, YKpanHa.

TBepaenko A. B. — acnupant xadeapsl 3ammrsl HHGOPMAIMH, HAIIMOHAIBHBIA YHUBEPCUTET «3alOPOXKCKasi MOJIUTEXHHUKA,
3anopoxbe, YKpauHa.

AHHOTANUA

AKTYaJIbHOCTB. [lepexon cCOBpeMEHHOM 3JIEKTPOHUKU Ha 0oJiee BHICOKHE YAaCTOTHI HAPSAMYIO CBSI3aH C YPE3BbIYAHO BaKHOU
npobiaeMoil MUHHMATIOpU3aluK HHTErpaidbHbIXx cxeM CBY. TpaauumoHHBIE IUIOCKHE CTPYKTYpBI, TaKHe KaK MHKPOIOJIOCKOBBHIC
HalpaBJICHHBIE OTBETBUTENH, UMEIOT OCOOCHHOCTh — WX JIMHEWHBIE pa3Mephl ONPEACNSIOTCS JIMHOM BONHBI B JIMHUSX IEepeaadn,
MI03TOMY HCHOJIB30BaHNE TAaKUX CTPYKTYP JUIsl MUHHATIOpU3alUH UHTErpabHEIX cxeM CBU cTaHOBHTCS MPOOIEeMaTHYHBIM.

Heas. Mcnons3oBanue 3D-cTpykTyp Ha KOMOMHAIMAX JMHUH Mepeaadd Uil U3YUCHHS YaCTOTHBIX CBOMCTB JBYX BO3MOKHBIX
peanu3anuii 4eTBEPTHBOJIHOBBIX HAINPABICHHBIX OTBETBHUTENICH HAa KOMOMHAIMM MHKPOIIOJIOCKOBBIX M IIEJIEBBIX JIMHUH HepenadH.
[Nomyuenne TPOCTHIX AHAMUTUIECKHUX BBIPKEHMI IS pacueTa 3MeKTPOPH3NIECKUX MapaMeTpoB ITUX HAIPABICHHBIX OTBETBUTENET
U TIOATBEPXKICHUE UX CBOMCTBA CTPOTUM JICKTPOJUHAMUYECKUM PacueTOM.

Metoasl. Metox cuH(Ma3sHOr0 u NPOTHBO(A3HOTO BO30OYXKICHUS W TEOPHS MATPUIl pPacCesHHs ObLIM HCIIOIb30BAHBI JUIS
MOTYYEeHUs] TPOCTHIX AHATUTHYECKHX (OpMyN A pacuyera HMIEJAHCOB CETMEHTOB JMHMH Tepefaud, KOTOPHIE ONpPENEISIOT
TOIIOJIOTHIO PACCMATPUBAEMbIX OTBETBUTEIICH.

Pe3ynbTaThl. DIeKTpOJMHAMUYECKOE MOJEIHPOBAHUE NPEIaraeMbIX OTBETBUTENEH C AMCIepcHell M MOTepsSAMHM B JIMHUSAX
[I0Ka3aJ0, 4TO Ipe/ularaeMble KOHCTPYKLIUHM HMMEIOT JIy4IlNE YacTOTHBIE XapaKTEPUCTHKH II0 CPaBHEHUIO C TPaJULMOHHBIMU
TpeXUUICH(PHBIMA MHKPOIIOJIOCKOBBIMI HAIPABICHHBIMU OTBETBUTENISIMU. TakKe II0Ka3aHO, YTO PACCMOTPEHHBIE KOHCTPYKLHH
OTBETBUTEINEH UMEIOT OOJIBIION OTEHNIMAT B BBIOOpE TPeOYEMBIX JIEKTPUYECKUX XapaKTePUCTUK YCTPOUCTB.

BriBoasl. IIpencraBieHHbIE KOMIIAKTHBIE OTBETBHTENN MOTYT HAWTH MIMPOKOE NIPUMEHEHHE B CHCTEMax MOOMIIBHOW CBSI3M IS
Pa3BsI3KM KaHAJIOB, pa3/ielieHNs] MOITHOCTH ¥ IPpeo0pa3oBaHus 4aCTOTH. MeToJ nepexosia OT INIOCKUX K TPEXMEPHBIM CTPYKTypam,
HCTIONB3yEeMBIi TIPH pa3pabOTKe HAPABICHHBIX OTBETBUTENCH HAa KOMOMHAIMAX JTWHHUH Mepeaadn, MO3BOISIET He TONBKO CO3/aBaTh
KOMIIaKTHBIC yCTpOIicTBa ¢ 3aJlaHHBIMU XapaKTCpPUCTUKAMM, HO M OTKPHIBACT IyThb K 3HAUUTEIbHOMY YMEHBIICHHIO Pa3MEpoB U
LIEHBI ITUPOKOTO CHEKTPA MEKTPOHHOTO 000PYAOBAHMS, HCTIOIb3YIOMIETO TAKHE OTBETBUTEIIH.

KJ/IFOYEBBIE CJIOBA: HanpaBieHHbII OTBETBUTEb, MUKPOIIOJIOCKOBAs U L1ejeBas JIMHUU, UHTerpayibHast cxema CBU.
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OLHEHUBAHUE ITAPAMETPA C HECKOJIBKUMH 3HAYEHUAMU

BoBk C. M. — kaHJ. (u3.-MaT. HAYK, TOLCHT, TOICHT Kadeaphl KOMITBIOTCPHBIX HAYK M MH(POPMAITMOHHBIX TEXHO-
Jioruit JIHUIIPOBCKOrO HallMOHANBHOTO YHUBepcuTeTa uMeHu Onecst ['oHuapa, Jaunpo, Ykpauna.

Mpoxomuyk O. H. — actimpanTt kadeapsl KOMITBIOTEPHBIX HayK W MH(QOPMAITMOHHBIX TEXHOJOTHHA JIHUIPOBCKOTO
HaIMOHAIBFHOTO YHUBepcuTeTa uMeHn Onecs ['onvapa, {aunpo, YkpanHa.

AHHOTADIUSA

AKTyaIbHOCTB. B ycloBHsIX, KOrZia Ha pa3HbIX YacTsAX MHTEpBasla HAOIIOACHUS NapaMeTp 3a1aHHOI MO/IeNH JAHHbBIX IPUHUMA-
€T pa3Hble 3HAYCHMs, BO3HUKACT 3a]a4ya OLCHHBAHWA IapaMerpa ¢ HECKOJIbKUMH 3HaueHUsIMH. OOBEKTOM HCCIICOBAHUS B JAHHOMN
pabote ABIISIETCS MPOLIECC OLICHUBAHMS [TAPAMETPa ¢ HECKOJIbKUMH 3HAYCHUSIMH.

Ieas. Lenbio paboTsl sBiIseTCS pa3paboTKa MOAX0/a K PELICHUIO 331a4l OLCHUBAHHUs HECKOJIbKUX 3HAYCHUH HEU3BECTHOTO I1a-
pamMeTpa a1 3aJaHHOI MOJIENN JAHHbIX.

Mertona. ITogxoxn k pelIeHnIo 3a1a4i OLCHUBAHUS HEU3BECTHOTO MTapaMeTpa ¢ HECKOJIBKIMH 3HaYeHMSIMHI OCHOBAH Ha ITOCTpOe-
HUM (YHKIUH HEBS3KU MEXIY JaHHBIMU M MX MOJICJIBIO M OCIEIYIOIEeM IIPUMEHEHNH K Hell KpUTEpHUsi MUHUMYyMa MPOTSHDKEHHOCTH.
Kpurepuit MUHUMyMa NPOTSHKEHHOCTH MO3BOJISET MHAMBHIYAJIH3MPOBATh 3HAUCHUS] HEU3BECTHOIO HapaMeTpa B BHUJE JIOKAIBHBIX
MHUHAMYMOB (DYHKLHOHAIa KBAa3UIIPOTSHKEHHOCTH JUIS 33/laHHOH (DPyHKIMM HEBA3KH. B JHCKpeTHOM cily4ae npesaraeMblii Moaxon
3aKJII0YAETCsl B TIOMCKE OCHOBHBIX JIOKAJIBHBIX MHHMMYMOB MHOTO3KCTPEMAIbHON 1ieneBoi (ynkuuu. s pemieHus sToit 3aga4n B
OJJHOMEPHOM CJly4yae HPeIJIoKeH HPOCTOil MeTox, 3G (EKTHBHOCTH KOTOPOTO MPOMUIIOCTPHPOBAHA Ha MpUMepax 3alad ¢ OJHUM
HEU3BECTHBIM JIMHEHHBIM [APAMETPOM M C OTHUM HEH3BECTHBIM HEJIMHEHHBIM ITapaMeTPOM MOJIEIIH.

Pe3yabsTarhl. B oTinmdne oT TpaauIMOHHBIX ITOIXO0B, OCHOBAHHBIX Ha KPUTEPHH HAUMEHBIINX KBAIPAaTOB WM KPUTCPUH Hau-
MCHBIINX MOAyJeH M 00eCIeunBaIOINX BO3MOXHOCTD OLICHWBAHUS TOJBKO OIHOTO 3HAYEHHs HEM3BECTHOTO MapaMeTpa, MpeyIo-
JKEHHBIH MMOJXOJ IPEJOCTABIISIET BO3MOXKHOCTh OLICHUBAHHS HECKOJIBKMX 3HAUCHUH HEU3BECTHOTrO mapaMerpa. YHCIeHHOe MOJIEIH-
pOBaHHE OJHOMEPHBIX 3aJa4 alllPOKCHMAIUK JTAaHHBIX MOJEISIMH C OJIHMM HEH3BECTHBIM JIMHEHHBIM IapaMeTPOM ¥ C OJHUM HEH3-
BECTHBIM HEJIMHEHHBIM MapaMeTpoM MOATBEPAMIIO 1e1eCO00pa3sHOCTh NPEATIOKEHHOTO N0AX0a U ero 3G(HEKTHBHOCTD B yCIOBUSAX,
KOT'J]a HE00XO0MMOE CriIaXXHBaHNe (yHKIMOHANA HE IIPUBOJUT K HOTEpe CIA0bIX JIOKAJIbHBIX MUHIMYMOB.

BbiBoabl. J[i1si OLICHUBAaHMS HEU3BECTHOTO MapaMeTpa ¢ HECKOJIIbKMMHU 3HAYCHHSMHU LeJIecO00pa3Ho HCHOIb30BaTh MOIXO0, 3a-
KJTIOYAIOIIMHCS B IOCTAHOBKE U PELICHUH 33/1a4yl MUHUMHM3ALUK (YHKI[MOHATIA KBa3UIIPOTSHKEHHOCTH, KOTOPBII MOCTPOCH Ha OCHO-
Be (D)YHKIIMHU HEBS3KU JAHHBIX C 33JaHHOH MOJENBI0. DTOT MOJAXO0A 00ecTieunBaeT HHANBHIYaIH3aIMI0 3HAYCHUH HEM3BECTHOTO Ma-
pameTpa myTeM (OPMHUPOBAHUS JOKAJIBHBIX MHHIMYMOB II€JICBOI (D)YHKIIMH, KOTOPHIE OTBEYAIOT HCKOMBIM 3HAUCHUSIM ITapameTpa.
Pe3ysbTaThl YHCICHHOTO MOJCIMPOBAHUS OJHOMEPHBIX 3a/ad ISl CIy4aeB JIMHEHHOTO M HENMHEHHOro IapaMeTpa MOITBepAWIN
3¢ PEeKTHBHOCTH IPUMEHEHUSI IIPEUIOKEHHOTO TOIX0/1a.

KJ/IFOYEBBIE CJIOBA: 06paboTka, OlleHUBaHNE, KPUTEPUH, IPOTSKEHHOCTD, allNIPOKCHUMALHSL.

HOMEHKJIATYPA M — kojuuecTBO 3HaUCHMH Hapamerpa O ;
A — aMmIATY JHBIN KO3 UIHEHT; N — KOJHUYECTBO 3JIECMEHTOB;
A,..., A\y —3HaueHns koaddunuenta A ; X — uHTepBan HAOIIOACHHUS UCXOTHBIX TaHHBIX;
Xj — i -1 gacTb uHTEepBaNa X ;

Aj — cpeaHee 3HaueHHE OLIEHKU A ;
a — JeBas IpaHMIA HHTEPBaa;

b — npaBas rpanuna nHTEpBaNa;
C — BeMYMHA PACIINPEHHS UHTEPBAJIa;
err — cpeaHeKBaIpaTHyYecKas OlmnoOKa;

B — mocrosHHbIi K03 duLKEHT;

E(B) _ (YHKIMOHA KBa3UIIPOTSHKEHHOCTH;
F — HexoTopsiii QyHKIIMOHAT KaYeCTBA OLIEHKH;
G(v) — npeobpazoBanue Oypbe ot pyHKIHU J(X);
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f(X) — HexoTopast GyHKIHS;

f, —3Hauenue f(X) Wit X=X, ;

9(X) — gyHKIWL, OMMCHIBAIOIIAS NCXOHBIEC JAHHBIE;
On —3HaueHue g(X) g X =X ;

k — yriioBoit ko3 GHUIHEHT HAKIOHA TIPSIMOA;
kga’ﬁ’q) — HOpMHPYIOMHN K03 PUITHeHT;

M; — MECTOIIOJIOKEHUE | -1 rayCCOBON KPUBOIA;

N — HOMEp 3JIEMEHTAa;

p(§) — 3akoH pacnpenerneHus & ;

g — cBOOOJHO HACTPAaUBAEMBbIH TapamMeTp;

S(X;0) — QyHKuMs, ONUCHIBAIONIAs MOAECIH AAHHBIX;
Sn(0) —3HaueHue S(X;0) w1 X=X, ;

var — BeJIMYMHA JHUCIIEPCHHU OLIEHOK;

X — apryMeHT (QyHKIUHM;

Xo — apryMEHT HOPMHPOBKH (pyHKINH \u(sq’ﬁ ’q)(x) ;
Xp — N -e 3HaYeHHe aprymMeHTa X ;

AA —mar cetku o A

AB —mar cetkn o B ;

AX — mar AUCKPEeTHU3aIluy 10 apryMeHTy X ;
Av — 11ar ceTkH Mo napamerpy Vv ;

@, — p—¢ 3HaYCHHUE LIEICBOH byHKIHH;

0. — cBOOOJHO HACTpanBaeMBbIil aApaMeTp;
B — cBoOOIHO HACTpanBaeMbIl TTapaMeTp;

8 — HanOOoNBUINIT MORYJIb OTKIOHEHUS;
0 — Hem3BeCTHBIH Napamerp;

él ,...,éM — OLICHKHU 3HAa4YeHU napameTpa 0 ;
V — 4acToTa;

Vi,V, — 3Ha4ECHUs 4acTOTHI V ;

& — ciydaiiHasi BEIMYMHA,;

Gj — NMOJYLIMPUHA | -i raycCOBOM KPHBOU;
L — mapamerp Macmrabda mryma Komm;

Q¢ — HauanbHas ¢asa;

y(X) — mpou3BoIbHAS (PYHKIHS TOTEPH (CTOMMOCTH);

W(SQ’BsQ)(x) — (QyHKIWMS, 32]a101as CYNEPMHOKECTBO

CTOMMOCTHBIX (DYHKIIHH.

BBEJEHUME

3ajaya OLCHUBAHUS MapamMeTpa C HECKOIBKUMH 3Ha-
YEHHUSMHU BO3ZHHUKAET B YCIOBHAX, KOT/Ia HAa Pa3HBIX 4Yac-
TAX WHTEpBana HAONIOACHHS JAHHBIC OMMCBIBAIOTCS Of-
HOM M TOM K€ CaMOW MOJEJIBIO, HO C Pa3HbIMU 3HAYCHUS-
MH 3TOro napamerpa. IIpocTeiM pumMepoM TakoW 3ajadu
SIBIISETCS 3aJada OLIEHHBAHMSA AMIUIMTYJIHBIX YpPOBHEH
KYCOUHO-TIOCTOSIHHOTO curHana [1-2]. B sroit 3amaue
MOJIENbIO JAaHHBIX SBJISIETCS KOHCTaHTa, KOTOpasl B HEKO-
TOPBIC MOMEHTBI BPEMEHHU IIEPEKIIIOYAETCS ¢ OJHOIO 3Ha-
YEeHHs Ha Jpyroe 3HaueHue. {pyrumM IpuMepoM sBIIETCS
3a7jaya OLICHWBAHMS YacTOTHI MO (pparMeHTy 3aricH Yac-
TOTHO-MaHHITyJIMPOBAaHHOTO curHana [3]. MoxHo oTme-
TUTb, YTO MOJOOHBIC 33/1a4X BO3HUKAIOT B CIIydae Ipei-

© Bosk C. M., [Ipokonuyk O. H., 2019
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CTaBJICHUSI JAHHBIX KyCOYHOM MOJEJNIbI0, COCTOSIIEN u3
HEHM3BECTHBIX OTPE3KOB OJHOIM M TOH ke camoi (yHK-
L[PIOHaJ'H:-HOﬁ 3aBUCHUMOCTH C OJHUM H TEM XKC€ CaMbIM
HEU3BECTHBIM NapamMeTpoM. CII0KHOCTh pEIIeHHs] TaKuX
3a7a4 00yCIIOBJICHA TEM, YTO MX MaTeMaTHYECKHE MOCTa-
HOBKH OTBEUAIOT 3a/1auaM HEBBIMYKIONH ONTHMU3ALUY.

B nanHoit paborte paccmarpuBaeTcs 3agada OICHHBA-
HUSI HEW3BECTHOTO MapaMeTpa 3aJaHHONH MOJENH JAaHHbBIX
JUIs cilydas, KOTJla Ha MHTEpBaJe HAOIIOAEHHS IaHHBIX
3TOT MapamMeTp NPUHUMAET HECKOIBKO Pa3INIHBIX 3HAUe-
uuil. Ilocne 0630pa muTepaTypsl HaeTcs OMHCAHHE MPEen-
JIO)KEHHOTO MOAX0Ja, C(OPMYJIMPOBAHHOTO HA OCHOBE
KpUTEpHUsT MUHUMyMa NpOTskeHHOcTU. lIpu 3TOM OTME-
4acTCsa BAXXHOCTh HaCTpOﬁKH METOAa OLICHUBAHHA HaA TC-
KyIIyl0 IIYMOBYIO OOCTaHOBKY ITyT€M YCTAQHOBJICHHS
HaWIy4lIMX 3HAUYCHUH CBOOOJHBIX MapaMeTpOB MUHHUMH-
3upyemoro (yHKIMOHanMa. J(PGHEKTUBHOCTD MpPEAI0KeH-
HOTO TOJXO0Ja WUIIOCTPUPYETCsl Ha MpHUMEpe 3aJauu C
OJTHUM HEHM3BECTHBIM JIMHEHHBIM ITapaMeTpoOM MOAEIH U
Ha IpUMepe 3aJ1add ¢ OJHUM HEU3BECTHBIM HEIMHEHHBIM
apamMeTpoM MOJIEIH.

O0BbeKTOM HMCCJIe0BaHMsA B TaHHOI paboTe sSBISIET-
Csl TIPOIIECC OLCHMBAHUS HECKOJBKHX 3HAYCHUH OJHOTO
HEM3BECTHOTO MapaMeTpa 3aJaHHON MOJIeTTH TaHHBIX.

IIpeaMer wucc/e10BaHMA COCTaBIIAET 3ajada oOIle-
HUBAHMUS HECKOJBKMX 3HAYCHUM OJHOT'O HEHU3BCCTHOI'O
nmapameTpa Al cioydas, KOTJa HEU3BECTHBIM Mapamerp
SIBIIICTCS JINHEWHBIM MapaMeTpoOM MOJENH, U AT Cllydas,
KOIJja HEW3BECTHBI MapaMeTp SBJSETCS HEIUHEHHBIM
apamMeTpoM MOJIEIH.

Hensio mganHoi padoTHI SBIACTCS pa3padoOTKa H
ONMCaHUE IOAX0Ja K ITOCTAHOBKE M PEIICHHIO 331a4d
OLICHUBAHMA MTapaMeTpa ¢ HECKOIbKUMH 3HAUCHHUSIMHU.

1 MIOCTAHOBKA 3AJAUYHN
IlycTh Ha pa3HBIX YacTAX MHTEpBajia HaOIOMCHUS X
Moaenb S(X;0) oTBedaeT MCXOIHBIM HaHHBIM (J(X) co

cBOUM 3HauyeHueM napamerpa 0. Tornma 3amady oreHuBa-
HUs napamerpa 6 C HECKOJBKMMH 3HAYE€HHSIMH MOKHO
copMyIHpOBaTh B BUE 3ala4y ONITHMH3ALINN:

{él,...,éM}zargmeinF[g(x)—s(x;G)], xeX, (1

B KOTOpOi (pyHkumonan F 3amaer xauecTBO OlCHMBA-
Hus, a {01,..,0)p} €CTb MHOXECTBO OLIEHOK 3HAaUYEHHH

napamerpa 0, roe BenmuumHa M 3apaHee HEW3BECTHA.
Corunacho (1), mocTaHoBKa 3a7auy 3aKJII0YAETCS B IOUCKE
MECTOIOJIOKEHU JIOKAIbHBIX MUHUMYMOB (DYHKIIMOHAJIA
F , Bkatouas mouck ux konudectsa M . OmgHako 3Ta mo-
CTaHOBKa TpeOyeT yTouHeHUW. Bo-mepBbIX, OHU CBS3aHbBI
¢ HeoOX0AMMOCTBIO BbIOOpa Buaa (yHKIMoHana F, ko-
TOPBII TOJDKEH 00ecTeunBaTh KaK «MHIMBULYaTIH3aLHIO»
3HaYCHUH HEW3BECTHOTO mapamerpa 0, Tak u 3ddeKTus-
HOC CTJIaXXWBAaHHUC IOyMa B HMCXOJHBIX JaHHBIX. Bo-
BTOPbIX, OHU CBA3AaHLI C HCOGXO)]I/IMOCTI)IO BBCJICHUA Mpa-
BWJI 0TOOpA TeX JIOKAIBHBIX MHHUMYMOB, KOTOPBIM OTBE-
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YarOT UCKOMbIE 3HAYEHHs] HEM3BECTHOIO Mapamerpa. JTu
YTOYHEHUS OYyT CHIEIaHbI JaJblIle.

2 OB30P JIMTEPATYPBI

Knaccuueckuil moaxoa K MOCTaHOBKE 3aJaydl OLIEHU-
BAaHUSI HEU3BECTHBIX MapaMETPOB 3aJaHHON MOJENU JaH-
HBIX OCHOBaH Ha TPEINOJOXKCHHUU, YTO KaXKIbId HEH3-
BECTHBIH MMapaMeTp MOXKET IPUHUMATh TOJIBKO OIHO 3Ha-
yeHne. B paMKkax TeopHH CTaTUCTHYECKHX OICHOK 3TO
MIPEIIOI0KEeHNE AUKTYeT HEOOXOIUMOCTh ITOWCKA TJIO-
0ampbHOrO0 MHMHHUMYMa (WIM TJ00AJBHOTO MAaKCHMyMa)
MOKa3aTessl KadyecTBa OICHWBaHUSA. B KadecTBe Takoro
NoKazaTesst OObIYHO MPUHUMAIOT BEJIMYMHY OE3yCIIOBHO-
ro CPEeJHEro pHcka, MUHHUMYM KOTOPOTO IPH 3aJaHHOM
¢byHkpKu noteph ((QYHKIMM CTOMMOCTH) OTBEYAET TaK
Ha3bIBacMoil OaiiecoBckoii oneHke [4]. [Ipu ucmonb3oBa-
HUH NPOCTOH (YHKIMHU IOTEPh W IIPEIIOJIIOKEHUH O T10-
CTOSHCTBE AaNpHOPHOM IUIOTHOCTU BEPOSTHOCTH HEU3-
BECTHOTO ITapaMeTpa ero 0aiecoBCKas OIEHKa Iepexo-
IUT B OICHKY MaKCHMallbHOTO mpaBpononobus [5]. Ilo-
CIIEIHSS OLIEHKA MIMPOKO UCIOIB3YeTCs] Ha TMPAKTHUKE JUIS
MTOJTyYeHHUSI ONTHUMAJIBHBIX M KBAa3HONTHMAIBHBIX pellle-
Huii [4]. Tak, B NpeanoJOXKEHUH TayCCOBCKOTO 3aKOHA
pacnpeneneHusl 3JeMEHTOB HMCXOAHBIX JTaHHBIX COOTBET-
CTBYIOIUHM KpUTEpUN MaKCHMalbHOTO IPaBAONOAO0US
CTaHOBUTCS KBaJPaTHYHBIM KpUTEpUEM, IPUBOIA K 3a/a-
4ye HAaUMEHBIINX KBaapaToB [6]. JJocTonHCTBO mocienHen
3aaud 3aKJII0YaeTcs B TOM, YTO Ui MOAEIM JAaHHBIX,
KOTOpasi OIMCBHIBACTCSI KOHCTAHTOM, 3a/1aya HAaUMEHBIINX
KBAJIpaTOB HaeT aHAIWTHYECKOE peIICHUE, IPOU3BOIS
OLICHKY B BHJIE CPEAHETr0 apu()METHUCCKOTO 3HAYCHHUS
BCEX DJIEMEHTOB JaHHBIX. [Ipemonokenue o JamiacoBc-
KOM 3aKOHE pacIpeleNieHHs 3JIEMEHTOB MCXOMHBIX JIaH-
HBIX IPUBOJIUT K TOCTAHOBKE 33J]a4l HAMMEHBIINX MOJY-
JIeH, peleHneM KOTOPOH Ui MOIENTH JaHHBIX B (hopme
KOHCTaHTHI SIBIISIETCS MeauaHHoe 3HaueHue [7]. Omnako
MOJXO/bI, OCHOBAaHHBIC Ha HCIIOJIb30BAaHUM KBaApaTH-
HOHM, MOAYJIBHOM WM JAPYroil BBINYKJIOH (QYHKIHMH MO-
TEepb, SBISIOTCS HEYJOBJIETBOPUTEIBHBIMU KaK JIIsl 00pa-
OOTKM NaHHBIX C aHOMAJBHBIMHU 3HAYCHHUSMU [8], Tak u
Uit 00pabOTKM TaHHBIX, OMICHIBAEMBIX KyCOYHOW MOJIe-
JBIO C OTHOW W TOU ke (PYHKIIMOHAIEHONW 3aBHCUMOCTHIO,
HO C pa3HBIMH 3HAYCHHUSAMHU €€ MapaMeTpoB. MOXKHO OT-
METHTb, YTO 3TH CIy4adh SBISIOTCS MOXOXHMH B TOM
CMBICIIE, YTO IO OTHOIICHHIO K (pparMeHTy JaHHBIX C Of-
HUM W3 WCTHHHBIX 3HAYCHWH HEW3BECTHOTO Mapamerpa
(parMeHThl JaHHBIX C JIPYTUMH 3HAYESHUSIMU 3TOTO Tapa-
MeTpa SBIAIOTCA aHOMalbHBIMHU. [lo 3TON mpuumHe s
pelIeHus 3a/1a4l OLIEHUBAHUS HECKOJIBKUX 3HAUYEHUH OJ1-
HOTO MapameTpa MOKHO HCIIOJIb30BaTh POOACTHBIN MO-
XO/I, OCHOBaHHBIH Ha KPHUTEpUH OOOOIIEHHOTO MaKCH-
MaJIFHOTO HPaBIONO00MS M NpeIHa3HAaYeHHbIH Ul pe-
mIeHus 3a1a4 00pabOTKK TaHHBIX MPU WX HEMOJIHOM CTa-
THCTHYeCKOM ommcaHnu [9]. TpamummoHHO poOacTHBIN
MTOJIXO] peaTn3yeTcsi Ha OCHOBE (PYHKITHIA MTOTEPH C TOPH-
30HTaNbHBIMU acumrnToTamu [10]. B kiraccuyeckoi Teo-
PHUH CTATHCTHYECKUX OIIEHOK 3TOMY OTBEYAaeT BHIOOP He-
BBIMYKJIBIX (DYHKIWH MOTEPH, B KAYECTBE KOTOPBIX MOTYT
HCTIOJIb30BaThCs, HAIPUMEDP, IPSIMOYTOJIbHAS WIN IKCIIO-
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HeHUuabHas GyHkuus noreps [4]. [Ipu sTom BbIOOp Ta-
KuX (OYHKUHMHA AU TPAKTUYECKOI'O MCIOJIB30BAHUS JI0JI-
JKE€H 3aBEpILUAThCSl YCTAHOBKOM 3HAYCHUI HMX HACTpOed-
HBIX TTapaMeTpoB. J[OMOMHUTENBHO K 3TOMY MOXHO OTME-
TUTh, YTO MPEANON0KEHUE O HAIMYUU HECKOJIBKHUX 3Ha-
YEHUH HEU3BECTHOIO MapaMeTpa 3acTaBJII€T OTKAa3aThCs
0T TpeOOBaHMS MOMCKA OJTHOTO INI00ATFHOTO MHHUMYMa B
MOJIb3Y TPeOOBaHMS TTOMCKAa HECKOJBKHUX JIOKATBHBIX MH-
HHUMYMOB, KOTOpBIE MOXXHO CUHTaTh OCHOBHBIMH. [lo-
CJIeZIHEE 3HAYUTENIBHO YCIIOKHSET PELICHUE 3a7adn Jaxe
JUIs Cllydas JMHEWHOTrO MapaMeTpa MOJEIH, Aenas BO3-
MOXHBIM IIOJy4€HHE HCKOMOTO PELICHHs TOJIBKO B YHC-
JICHHOM BHJIE.

OcHOBY po0acCTHOTO MOJX0/Ia COCTABIISIET UAESI METO-
Ja M-orneHuBaHuUS, KOTOpas IS TUCKPETHOIO CIiydast
(dhopmynupyeTcs B BUIE 3a1a4l MUHUMU3amu [9]:

N
min 3 [ fo:0]. 2

n=1

rae anementsl fn; n=1..,N cBj3aHBl ¢ HCXOIHBIMH
JAaHHBIMU M MX Mojenbio (Hampumep, f,, ectb 3HaueHue

HEBA3KU MCXKIY AaHHBIMU U UX MOJCIIBIO U JUCKPETHO-
ro MOMEHTa N ), a Y ecTb npou3BoibHAs QyHKIuU [10].

Hcnonp3oBanue B (2) B kauecTBe QYHKIUU Y JOrapud-
Ma COBMECTHOU INTIOTHOCTH BEPOSTHOCTH U TPEAIOIIONKe-
HUS O TIOJTHOM CTaTHCTHYECKOM OMHCAHWHU JAaHHBIX IPH-
BOJIUT K KPUTEPUIO MAKCHUMAIBHOTO MpaBaomnoaoous [5].

B [11] npeanoxkeHo pas3BuUTHE uaen Meroga M-
oneHuBanus. OHO 3aKJIIOYACTCS B MOCTPOCHUHU «CyIep-
MHOXECTBa» CTOMMOCTHBIX (DYHKIIMH, KOTOPOE YIpaBis-
eTcst HabopoM U3 TpeX CBOOOMHBIX mapameTpoB. CTOMMO-
CTHasT (PYHKIUS, KOTOpas 3aJacT 3TO CYINEPMHOXKECTBO,
umMeeT Bup [11]:

YD 00 = kP [ x o PO, 3)

—-0<B<l wm

p<a.
kPP =110+ %0 /DP9 1], a %y smaseres Tou-

rie O<a<ow, 0<(g<o,

Kol HOpMHpOBKH ¢(yHKIMH (3) Ha EAMHUILY, TO €CTb
\y(sa’B’q)(Xo) =1 (oObruHO X) =1) . [Tapamerpsr o, B u
0 MMEIOT CMBICJI CBOOOJHBIX ITAPaMETPOB, KOTOPHIE ITO-

3BOJISIIOT MEHATH MOBEACHUE CTOMMOCTHOW (QyHKImHU (3).
OneMeHTaMH CYNEpMHOXKECTBa SBJISIIOTCS MHOTHE W3-
BECTHBIE CTOMMOCTHBIE (DYHKIMH, a pa3paOOTaHHBIA Me-
XaHU3M WX IpeoOpa3oBaHUs MO3BOJCT BHITIONHATH Ha-
CTpPOHKY mpomecca 0o0pabOTKM Ha TEKYIIyI0 HIyMOBYIO
00CTaHOBKY ITyTeM 3aJaHWs HAWIYYIINX 3HAYCHUH CBO-
OOIHBIX TAPaMETPOB.

B [12] omucansl ABa Moaxoaa K IMOCTAHOBKE 3aJavd
OIICHWBAHMS HECKOJBKUX 3HAUEHUH OHOTO MapaMeTpa Ha
IpUMepe 3aJadd ONpeAeTICHHUsS aMIUIUTYJHBIX YPOBHEH
KYCOYHO-TIOCTOSHHOTO CHTHaJa. OTH MOJIXOABI MOKHO
YCIOBHO OO0O3HAUUTh TEPMHUHAMHU «QJJUTHUBHBIN» U
«MYJIbTUTUTUKATUBHBINY. AJTUTHBHBIN TOJXOM OTBEUACT
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Cllydaro, Koraa oOmui (pe3ynbTHPYIOINi) GyHKIIHOHAIT
MmoJIyyacTcs 06’be}11/IHeHI/leM BC€X BO3MOXHBIX YaCTHBIX
(YHKIMOHAJIOB, IOJy4aeMbIX JUIS OTACNBHBIX 4YacTel
WHTepBaNa HaOMOAEeHUs X , HA KOTOPBIX MCKOMBIH IIa-
pameTp mpUHUMAET OJHO 3Ha4eHue. Toraa ecii 4acTHBIC
(YHKIIMOHATBI SIBIIAIOTCS  BBIMYKIBIMH, TO M OOIIHA
¢yHKIroHaN OyaeT BHITYKIBIM. CleoBaTeNbHO, B 3TOM
cIy4ae BCE MHUHHMYMBI YacTHBIX (PYHKIIHOHAIIOB OyIyT
CIMBATHCS B OOWH OOMMIA TI00ambHBIN MUHHMYM. [lo-
cleqHee O3HA4aeT, YTO VIS PEelIeHHS PaccMaTpHBaeMOM
3aJa4d B paMKax yKa3aHHOTO aJJUTHBHOTO IOIXOAa He-
00XOIMMO HCHOJIb30BaTh (PYHKLIMOHAIIBI, KOTOpbIE HE
SABJIAKOTCA BBITYKJIBIMUA. MyHLTHHﬂHKaTHBHLIﬁ noaxon
3aKJIF0YACTCS B MOCTPOCHHUM MOJIMHOMA 3aJlaHHOM cTere-
HU UIA KaXJ0ro 3JIEMCHTAa HECBA3KHU, YTO IIpU Bbl60pe
KBAJIPATUYHOTO KPUTEPHs Ka4eCTBA OICHUBAHUS IPHBO-
JIUT K HCOOXOUMOCTH PEUICHUS CHCTEMbI JINHCHHBIX al-
reOpandeckux YpaBHEHUH OTHOCUTEIBHO HEHU3BECTHBIX
KOX(PHUIUEHTOB TOJIMHOMA W TIOUCKY KOpHEH TaHHOTO
momuHOMa. MYJBTHIDIMKATABHBIA TOIXOM MOXET OBITH
MIPUMEHEH TAaKke W MPH BbIOOpE HEKBAAPAaTHYHOTO KpH-
Tepusl KadecTBa OLIEHMBAHMSA, OJHAKO B 3TOM CiIydae pe-
[ICHUE 33/1a9H MOYKHO MOJIYYIHUTh TOIBKO YHCIeHHO [12].

3 MATEPUAJIBI U METO/bI

Jns pemenuss paccMatpuBaeMou 3aJadu UCIOJIb3yeM
KpUTEepHUl MUHUMYMa IpoTsxkeHHocTH [13]. OH 3akmnroua-
ercss B TpeOOBaHMM MHHHUMM3HUPOBATh HPOTSHKEHHOCTH
(YHKIMH, UCTIONIB3yeMOH JUIsl TToucKa penienus. Lleneco-
00pa3HOCTh MPUMEHEHHSI 3TOTO KPUTEPHS U PEIICHHS
paccMaTpuBaeMOM 3aJadll ONpENeNsieTCsl TEM, YTO anpH-
OpPHO HEKOTOPOIl 4acTH UCXOTHBIX JaHHBIX J(X) AOIKHA

OTBE€YaTh MOACIb C OAHUM N3 UCTUHHBIX 3Haqu1/1171 HEU3-
BECTHOTO IMMapaMeTpa, a OCTaIbHOW YacTh NaHHBIX ((X)

MOJXET OTBEYaTh MOJENb C NPYrMMH UCTUHHBIMHU 3Haue-
HUSMH 3TOTO mapameTpa. Torma ¢yHkmus S(X;0) ¢ on-
HUM W3 HCTUHHBIX 3HAa4eHWH mapamerpa 6 Oymer xop-
peKkTHO npHOmMMKaTh §(X) TOJIBKO Ha HEKOTOPOH YacTH
MHTEpBaIa HAOJIIONEHHUs, KOTOpasi B O0IIEM citydae siBIIs-
ercs HewsBecTHOH. CnenoBaTeNbHO, MPHU OTCYTCTBUU
IryMa MOXHO MOTpebOBaTh, YTOObI CyMMapHas MPOTS-
KEHHOCTb IOJIBIHTEPBAIIOB HECOBIAJCHHS JaHHBIX QJ(X)

¢ ux Mojenpio S(X;0) Obuta MUHHIMaIBHOH. B 3TOM ciry-

Yyae BJIOJb OCH 3HAYCHWIl HEM3BECTHOTO MNapamerpa 6
JIOJDKHBI HAaOJI01aThCsl JIOKAIBHBIE MUHUMYMBI (DYHKIHO-
Hajla CTPOroM MpPOTSHKEHHOCTH HeBsizku [13], mecromo-
JIOXKEHHE KOTOPBIX Oy/leT yKa3bIBaTh Ha MCKOMBIC 3Haue-
HUSI TApaMeTpa, a UX KOJIMYECTBO — HAa KOJMYECTBO TAKUX
3HaueHnd. Ho MOCKONBbKY Ha MpakTHKE 3HA4YeHHs (QyHK-
M §(X) HCKaKeHbl LIYMOM H, BO3MOXHO, I'PyObIMH

OIMOKaMH, TO KpPUTEPUH MHUHHMYMa MpPOTSHKEHHOCTH
1esiecoo0bpasHo NMPUMEHATh He B opMe 33/1a4d MUHUMH-
3anuK (YHKIMOHAIA CTPOTOH NPOTSHKEHHOCTH, a B hopMe
3aJa4yll MHUHUMH3AIMK (pyHKIMOHANA KBa3HIPOTSHKEHHO-

cru E(®B9) [13]. ITpu sToM Oyzem mpenmnosiararb, 4yTo
JOKJIbHBIE MHHUMYMbI (YHKIMOHAJIA KBa3HWIPOTSHKEH-
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HOCTHU, KOTOPBLIC OTBCHAIOT HMCKOMBIM 3HAYCHHUAM HCU3-
BECTHOI'0 MapaMeTpa, CyLIECTBYIOT ISl 3aJaHHBIX 3Haye-
HUl o, B u (. Torma mocraHoBka 3axaun (1) nmpuHUMA-

€T BU/:
{0)...0m } =argmin E“PD[g(0)-s(x:0)], (4
0

rIe

E@BO[f(x)] = J\V(S“’B’q)[ f(x)]dx . ®)

-0
YunteBas (3) u (5), pasBepHyTas 3ammuch 3a1auu (4) ecTs:

N
~lldx¢, (6)

min k(a’B’q) . j 1+ w
0 S X o

rae kéa’ﬁ’q) >0 mim 0<B<l wm kéa’ﬁ’q) <0 s

—0<B<0,anpu B — +0 Bmecro (6) umeem:

_o(x-0)|9
min kéa’o’q).jln 1+‘M‘ dX =
[0
X

0
. ()
=min{ [In| 1+ w‘ dx
0 o
X
rae kD =1/In[1+ | xo /. [9]> 0.
B muckperHom ciygae (6) u (7) IpUHAMAIOT BH:
B/q
N q
. -Sn(6
min kga’B’Q) DI+ 9n =5 () -1 ®)
0 o] o
u
N 3 q
min ZIn 1+ gn—Sn(B) ©)
n=1 o

PaccMoTpuM OlLlCHMBaHME HEWU3BECTHOTIO JIMHEHHOIO
rapameTpa, KOTOPBIM SIBJISIETCSl aMIUIMTYAHBIH K03 du-
IMEeHT MOJIENU AaHHbIX. [IpennonoxxeHue o TOM, 4TO Ha
MHTEpBae HaOIIONEHMs 3TOT Kod(duimeHT npuHuMaer
HECKOJIbKO 3HAaUCHUH, MOXHO 3aIicaTh B BUJIE:

Al f (X), Xe Xl,
S(X; A) =
Am F(x),

(10)
xe X M >
M
rre | JXi=X; X NXj=@; i# j. O606mas sammck
i=1
(10) B BUzE:
s(x; A) = Af (x); (11)
rae mapamerp A mpuHMMaeT 3HaueHHs A,..,Ay , u

XxeX,

monctasnsst (11) B (8) u (9), mist muckpeTrHoro ciydas
MOJIyYUM 3aJa4u:

17
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y L
mAin kéa,B,q)z 1+% -1 (12)
n=l|
158
N g (O
min 3In 1+% , (13)

n=l1

KOTOPBIE SBISIOTCS OJHOMEPHBIMA MHOTOIKCTPEMAallb-
HBIMA 33/1a9aM{ ONTHMHU3AIUH OTHOCHUTEIFHO HEU3BECT-
HOoro mapamerpa A . JIms YWCIIEHHOTO peIIeHHUs 3anad
(12)—~(13) ucnons3dyem meroq nepedopa 3HaYCHUI mapa-
MeTpa A Ha paBHOMEPHOH CeTKe B M3BECTHOM HWHTEpBa-
ne. DTOT UHTEpBal 3a1aauM B Buae: [a—C,b+c], roe a
U b 3amaroT rpaHUIBl MEKKBAPTHILHOTO WHTEPBAIA IS
3HaYeHU otHOmeHus g(X,)/ f(x,); n=1,..,N,ac>0
3a/1aeT BENMYMHY PACIIUPEHUSI MEKKBAPTIIILHOTO HHTEP-
BaJla 11 UCKIIIOUYEHHUS BO3MOKHOCTH TIOSIBICHUS JTOKAJb-
HBIX MUHHUMYMOB Ha €r0 I'paHuIax (3T0 HEOOXOAUMO Jyist
MIPUMEHEHHS YKa3aHHOTO HIDKE crocoba MOMCKa JIOKalb-
HBIX MUHUMYMOB, 10 KpailHEel Mepe, B Cilydyae OTCYTCT-
Bus myma). Illar cetkm AA ycTaHOBHM paBHBIM JKelae-
MOW TOYHOCTH OILICHMBAHUs, HAlpHMeEp, PaBHBIM OJHOU
COTOM YacTH IJIMHBI YKa3aHHOTO MEXKBApTHILHOTO WH-
TepBasia. Torma mOHMCK BceX JIOKAJbHBIX MHHHMYMOB
MOJKHO OCYIIECTBUTH CIEAYIOUINM criocobom. s 3a-
JAHHBIX 3HaueHWH o, B, ( ¥ U1 KOKIOTO 3HAYCHHS
nmapamerpa A U3 3aaHHOTO HMHTEpBaja €ro 3HaYCHHU
BBIYHMCIIUM P 3HAYEHUH 1eJIEBOM byHKIMH
®,; p=1..,P, xoropas samucana B (12)~(13) mox 3na-

KaM{ ollepalid MUHMMM3alMu. Jlanee BO3bMEM TPOMKY
cocenHux 3Ha4eHUH Py, @y u Py, a8 I<p<P,
Y IIPOBEPUM BBIIIOIHEHUE HEPABEHCTB!

(@p —Pp)(Pp-DPpy)<0, (14)

(15)
OnHoBpeMeHHOE BhINIOJHEHHE HepaBeHCTB (14) u (15)
YKasbpIBacT Ha TO, 4T0 @, SBIAETCS MAHMMAIIBHBIM 3Ha-

((Dp+1—2ch +(Dp_1)>0.

deHHeM cpesu cBoux coceneid O u Dy . AKKyMy-

JUpysl TaKWe MHUHHMAIbHBIC 3HAYCHMS, HOIy4HM HAOOP
JIOKaIIbHBIX MUHIMYMOB IIE€ICBOH (DyHKIUH.

OT160p OCHOBHBIX JIOKAIBHBIX MUHUMYMOB BBITIOJITHAM
TakuM croco6oM. OCHOBHBIMH JIOKAJIbHBIMH MHHHAMYyMa-
MH Oy/eM cuuTaTh Haubojee MIyOOKHE JOKAIbHBIE MH-
HUMYMBI, KOTOpBIE NIPEBBILIAIOT 33IaHHbBIA MOpor rIy6u-
HBI M PACIONIOKEHBI JAIeKo ApYT OT Apyra. [lostomy ec-
JIM B Pe3yJbTaTe BBIYUCICHUH TTyOOKHE JTOKAIbHBIC MH-
HUMYMBI OKQXyTCsl OJIMOKe OPYT K APYTY, Y€M BEIUYMHA
JOIYCTUMOTO PACCTOSHHMSA, TO 3TOT (DakT Oymem CBS3bI-
BaTh C HEJOCTATOYHBIM CIVI&)KUBAHHEM IIENEBON (YHK-
LMK, KOTOPOE CIICAYCT MOBTOPUTH C yBEIMYCHHBIM 3HA-
YeHHeM mapameTpa o .

PaccmoTpum 3amauy OICHHBAHHUsS HEHU3BECTHOTO He-
JIMHEHHOrO MapaMeTpa, KOTOPhIA MPUHUMAET HECKOIBbKO
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3HaueHNH. B obmiem Buje mpejyiaraeMblii MOAXOJ K €€
PELICHUIO 3aKJII0YaeTCcss B MOCTPOSHHH (YHKIMOHAIA
KBa3UINPOTSHKEHHOCTH, 3aBHCALIETO OT HEU3BECTHOIO He-
JMHEHHOTO IapameTpa, ¥ €ro MHHUMH3ALMH METOJIOM
HYJIEBOTO TIOpsAKa Ha 33JaHHOM HHTEpBAIC 3HAYCHHMA.
OTOT MHTEpBaI MOXeET (OPMHPOBATHCS KaK HA OCHOBE
anpUOpPHBIX CBEACHHUH, TaK M Ha OCHOBE MHOMKECTBA
«TIPOOHBIX» 3HAYEHHH, MOJYIaEeMbIX B PE3YNbTAaTE pelle-
HUSI COOTBETCTBYIOIIETO HEIMHEHHOTO ypPaBHEHMS OTHO-
CHUTEJIbHO HEW3BECTHOTrO mnapamerpa. Jlanee B KauecTBe
IpUMepa pacCMOTPHUM 33/1ady OLIEHHMBAHUS YacTOTHI Yac-
TOTHO-MaHHITYJIMPOBAaHHOT'O CUI'HAA!

Asin(2rviX+@q), Xe€ Xi;
S0 = xe X
25

(16)

Asin(2nv, X+ 9g),
rJie IepeMeHHass X MUMEET CMBICI IEPEMEHHON BPEMEHH,
ammutyga A W HadanbHas (asza ¢ MONaraiTcs W3-
BECTHBIMHU, @ Vi =0 u v, =0, rae v| #v,, €CTb HEU3-
BECTHbIC 3HaYeHU yacToThl. O000MIas (16) B BUAC!

S(X;v) = Asin(2nvX+@q); Xe X, amn
rJe mapamMeTp V IPUHUMAeT 3HaYeHus V| U V,, U HOA-

craBisist (17) B (8) u (9), Anst AMCKPETHOTO Citydast TOJTy-
YHM 3a/1a49H:

\ N N
mindc- 37| [ 1+ 9o AsmCE)I | e
\ n=1 | o |
e C:kéa’ﬁ’q),n
N A q
min{ 3 In | 4|9n = AsinCmvia) [ || (19)
vzl o |

3amaun (18)—(19) sBIAIOTCS OJHOMEPHBIMH MHOTORKC-
TPEeMAJTbHBIMHA  3a/1a4aMH  ONITHMHU3AIIMA  OTHOCHUTEIIHBHO
HEM3BECTHOTO mapamerpa V. Eciu IUCKpEeTHbIE OTCUYETHI
0 3aJaHbl C PaBHOMEPHBIM IIArOM JUCKpeTH3aluu AX ,

TO B 3TOM Clly4ae JUlsl 3aJlaHdsl HHTepBaja MOMCKa 3Haue-
HHMH TapaMeTpa VvV MOXHO HCIIONB30BaTh MOAXOJ, oOIe-
NPUHATBIH B paMKaX METOJa AUCKPETHOro IpeoOpa3oBa-
Hust Oypre. OH 3aKI09aeTcs B 3aJaHUM CETKH 3HAYCHUI
mapamerpa Vv ¢ marom Av =1/(N-AX) B wuHTEepBaie

[—Vmax>Vmax ] » TA€ Vmax =1/(2-AX) . Torga nmouck Bcex

JIOKaJIbHBIX MHUHHMMYMOB (YHKIMOHAJ A KBa3UIPOTSKEH-
HOCTH MOJKHO OCYIIECTBUTBH CIIOCOOOM, OCHOBaHHBIM Ha
npoBepke HepaBeHCTB (14)—(15) ¢ monoiHUTENBHOM Mpo-
BEPKOH €ro 3Ha4YeHWil B T'PaHWYHBIX TOYKAX HMHTEpBAJIA.
OT60p OCHOBHBIX JIOKIFHBIX MUHIMYMOB MOXHO BBITIOJ-
HUTH IIyTEM CPaBHEHMS MX TIIyOMHBI C 33JlaHHBIM TIOPOTO-
BBIM 3HAYCHHEM W CPAaBHEHUS BEIUYHMHBI ONU30CTH HX
PAacCIIONIOKEHHS ¢ BEMMYNHON JIOIyCTUMOTO PACCTOSHUSL.

4 SKCIIEPUMEHTbBI
MogenupoBaHue 3aJaydl ¢ OJHUM HEH3BECTHBIM JIH-
HEHHBIM MapaMeTpoM, KOTOPHII NMpHUHHMAN ABa pa3ind-
HBIX 3HAYEHUS], BBINOJHSIOCH Ha OCHOBE (YHKIMOHAJTb-
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HOW 3aBHCHUMOCTH, COCTOSIIEH M3 CyMMBI JBYX Taycco-
BBIX (DYHKIUI U ITyMa. OTa 3aBUCUMOCTb MMeJIa BH!

(x=my)* (x=my)*
2 2 20
gx)=Ae °1 +Ae 292 g, (20)
rie A=1; A=2; m=L5 m=4; c,=05;

6, =0,25, u Opla 3a7aHa B MHTEpBaJle 3HAYCHUN apry-
MeHTa X €[0; 5] ¢ marom AX=0,01 Ha N =501 TouKe,
BKJIIOYasi KOHILBI WMHTepBaia. CiydaliHas BenWUUHA &

ObLTa pacrpesesneHa Kormu:

P(E) = (v/m)- (% +v?) !

v=0,01 u HyneBpIM mapameTpoM caBura. [IoCKOIBKY

o 3aKOHY

C HapaMeTpoMm Maciraba

Ul JaHHOTO YHCJICHHOTO MOJICNMPOBAHUS —HMEeM:
Am=my, -m;|=2,5, To Am=50; =100, . Ilocnenuee
O3HAYaeT, YTO 3aJaHHBbIC IayCCOBBI (DYHKLIUM IpaKTHUE-
CKH HE BIIMSIOT ApyT Ha apyra. [lo aroif mpuunHe dopma
MOJIETIbHOM (YHKIMHY ObIIa 331aHa B BUJIE:

(x-my)?

2
+e 20

(x-mp)*

2012

f(x)=e @D

a cama MoJeNb omnurcana cootHomeHneM (11), B koropom
HEM3BECTHBIM aMIUIUTYJHBIM MapamMeTrp A IpuUHHMAN ABa
3HaueHus: Ay u A,. Taxum oOpasoM, JaHHas 3ajada
COCTOsJIa B TOJYYEHHH OLICHOK JBYX 3HAYCHUH OJHOTO
HEHM3BECTHOTO mapameTpa A .

Bropoii npumMep 3amayu ¢ HEU3BECTHBIM JIMHEWHBIM
rapamMeTpoM COCTaBJsUIa 3aj7ada, B KOTOPOH STOT mapa-
METp IPUHMUMAT TPH Pa3INIHBIX 3HadeHus. s ee Moze-
JUPOBAaHMS B KAaU€CTBE MCXOIHOM 3aBHCHMOCTH HCIIOJb-
30BajicA 3aIIyMJICHHBIA MAIOOOPA3HBIM CHTHAJ, MOJEIH
KOTOpOTO 3aJaBajach OTPE3KaMU INpPSIMOH JHUHUU C H3-
BECTHBIM YITIOBBIM KO3()(HULIMEHTOM. YUHTHIBas AaHHBIE
NPEATOIOKEHH s, MCXOIHAs 3aBHCUMOCTb MOJEINPOBa-
Jlach Ha OCHOBE (DOPMYJIBIL:

g(x)=kx+B+¢&, (22)
roe k =3, cnyuaitHast BennunnHa & ObLia pacmpezerncHa
o 3akoHy Komm ¢ mapamerpom macmradba v =0,1 u Hy-
JIEBBIM ITapaMETPOM C/IBUTA, a HEM3BECTHHIN IapameTp B
OpuHUMal Takue 3HadeHus: B=0 mma Xxe[0;2),
B=-7 mia xe[2;4) u B=-14 mua xe[4;6]. Ucxon-
Has 3aBHCHUMOCTh (22) mojaBeprajgach JUCKPETH3ALUU C
marom AX =0,01 Ha unTepBaine [0; 6] u, Takum 00pazom,
Obuta 3amana Ha N =601 Touke, BKIIOYas KOHIBI yKa-
3aHHOTO MHTEpBaia. 3a/iaua coCTosIa B OLIEHUBAHUH TPEX
3HAYEHUH HEW3BECTHOrO mapamerpa B mo n3BecTHBIM
3HaYeHUsIM QYHKIMK §(X) TPH U3BECTHOM 3HaYeHUH K .

MogenupoBaHue 3aadd ¢ OJHUM HEHW3BECTHBIM He-
JIMHEHHBIM MapaMETPOM, KOTOPBIA MPUHUMAJ HECKOJIBKO
3HAYEHHH, BBIMOJHAIOCH HAa OCHOBE (DYHKIMOHAJIBHOM
3aBucuMoctu (16), B xotopot A=1, ¢y =n/8, v; =1,
v, =2, AXx=0,01, X;=[0;2,2], X,=(2,2;5] u, cue-
noBatenbHo, X = X; U X, =[0;5]. K xaxxgomy snemen-
Ty JIAHHBIX, ITOJIy4EHHBIX ITOCPEICTBOM IHUCKPETHU3AIMU
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sTOi 3aBUcHMMOCTH ¢ marom AX=0,01 B wuHTepBane
X =[0; 5], nobasnsinace ciyuaiiHas BenuuumHa &, pac-

npezaeneHHas 1mo 3akoHy Komm ¢ mapamerpom maciirada
v=0,01 u HyneBBIM mapameTpoM ciaBura. Takum obOpa-
30M, 00Ilee KOJNYECTBO 3JIEMEHTOB HMCXOJHBIX JaHHBIX
obuto paBHo N =501 (Briouas KOHIBI MHTEpBalia), a
MaKCUMAaJIbHOM MOJIOKHUTENBHOM 4YacTOTE OTBEYAJO 3Ha-
YEHUE V., =50 . B KauecTBe MonenbHON (QyHKIMM HC-

moJp30Banachk GyHknus (17), yacToTa KOTOpOi MeHsIach
c maroM Av=1/((N—-1)-Ax)=0,2 B uHTepBase (moxoce

yactor) [0;50]. Ilockonbky vi=1 u v, =2, To 3TH

3HAYCHUS YaCTOTHI MOTMAIAN B Y3IIBI MIOCTPOCHHOH CeT-
KU, @ IMEHHO B 11ecTOi U B 11-# y3Ibl, COOTBETCTBEHHO.
C menpio cpaBHEHHS Pe3yIbTaTOB, HA OCHOBE allTOpPUTMa
JUCKPETHOTO TpeoOpa3oBanusi Dypbe CTPOWICS IHC-
KPETHBIM CHEKTpP MCXOIHBIX NaHHBIX. Kpome momemupo-
BaHUS JaHHOU 3a[au C yKa3aHHBIM 3HAUYEHHEM IapaMeT-
pa macmtaba myma Koy, BBINOTHSIOCH TAKXKE €€ MO-
JISIMPOBaHKE CO 3HAYUTETHHO yBearmueHHbIM (B 10, 100 u
1000 pa3) 3HayeHuweM 3TOro mapamerpa. Takoe mojenu-
pPOBaHHE WMEJIO IIEJBI0 HCCICAOBATh IMOTCHIMAIbHBIC
BO3MOYKHOCTH TPEJIOKEHHOTO MOJIX0Aa M IMOKa3aTh ero
MPEUMYIIECTBO HAJ TOIXOJIOM, OCHOBAHHBEIM Ha METOC
JUCKPETHOTO TpeodpazoBanus Dypbe.

5 PE3YJIBTATBI

Ha puc. 1 u puc. 2 npuBeneHb pe3ynbTaThl MOACIH-
pPOBaHMSA 3a/a4M OICHUBAHUS IBYX 3HAUCHUI HEHM3BECT-
HOTO JINHEHHOTO NapaMeTpa, KOTOPBIM SBILUICS aMILTH-
Tynuelid mapamerp A. Ha puc. la mpuBemena omHa u3
CllyyaiHbIX peanu3anuii 3aucumoctu (20), a Ha puc. 10
NpUBeIeHa 3aBUCUMOCTH (21), KOTOpas ucnoiabp30Baiach B
KauecTBE MOJEIH.

gx) fx)
1.5 1.5
1 1
os os M
0 0
-0.5 -0.5
0 1 2 3 4 x 0 1 2 3 4 x
a 6
Pucynok 1 — MozaenupoBaHue 3a1a4u ¢ TMHEHHBIM ITapaMeT-
pom:

a — ICXO/IHAs 3aBHCUMOCTH ¢ mryMoM Komm; 6 — Mozgens

Puc. 2a, puc. 20 u puc. 2B 0TOOpa)xaroT LEJIEBbIC
(byHKIMH, KOTOpbIe ObUTH Mody4eHbl it B=0 u =2 B
ciyuasx o =0,001, «0=0,03 u a =1, ycnoBHo 0003Ha-
YEeHHBIX KaK ClIydyal HEJIOCTAaTOYHOTO, ONTUMAaJbHOTO U
YpEe3MEPHOr0 CIIIaKMBAaHUsI, COOTBETCTBEHHO. J[ns Bcex
3THX TPEX CIy4aeB PaCIIUPEHHBIH MEKKBAPTUIILHBIN WH-
tepBan 0611 paseH [0,909; 2,032], chopMupoOBaHHBI AT
cetku AA=0,011, c=AA u P =103 . [Ins nyumieit Bu-
3yanu3anui rpadukoB (QYHKIHOHANA KBa3UIPOTSHKEHHO-
CTH WHTEpBaJ 3HA4YEeHWH mapamerpa A ObUT IPOJOIDKEH
BJIEBO W BIpaBo ¢ maromM AA Takum o0pa3oM, 4TOOBI OH
OpLT He MeHbIIIe uHTepBana [0; 3].
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200
300
200 150
250 150 100
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Pucynok 2 — LleneBast pyHKUuUS U1 IMHEHHOTO TapaMeTpa Ipu:
a — HEZIOCTATOYHOM CIVIQKMBAHHUHU; O — ONTHMAJIbHOM CITIA)KUBAHUH; B — YpE3MEPHOM CIVIQXKHMBAHUM; HAlICHHbIC JIOKAJIbHbIC
MHHHMYMBI 0003Ha4€HBI KPYKKaMU

Ha puc. 2a BugHO, uto amst o = 0,001 O6pUT0 MTOTYYEeHO
YeThIpe JIOKANBHBIX MIHHAMYMa, KOTOPBIM OTBEYalld 3HAa-
yenns 0,997; 1,701; 1,767 u 1,999, coorBercTBenno. On-
HaKO JTOT pe3yNbTaT OKa3aJicsi HEYCTOHYMBBIM IMpH
yMeHbIIeHnH mara ceTku AA o BemmamHbl AA = 0,001,
YTO MPHUBEIIO K YBEIWMICHUIO KOJIHMYECTBA JIOKAITEHBIX MHU-
HUMYMOB JI0 CEMH INTYK, KOTOPHIM OTBEYAU 3HAUCHHUS
0,998; 1,003; 1,403; 1,703; 1,760; 1,772 u 1,998, coot-
BETCTBEHHO. [Ipu 3TOM TiepBBIe [Ba U3 HUX, KOTOPHIE OBI-
JU CaMBIMU TITyOOKUMH, OKa3aJIHCh PACTIONOXKEHBI CITUIII-
KOM Omm3ko npyr k apyry. Ilosromy wmcmonb3oBaHHOE
3/1eCh 3HaUeHUe napamerpa crinaxusanug o = 0,001 cre-
JyeT CUMTAaTh HEAOCTaTOYHBIM. Ha puc. 20 BHIHO, 4TO
st oo =0,03 ObUIO MOJIyYEHO N1Ba JIOKAJbHBIX MHHUMY-
Ma, KOTOpbIM oTBeuanu 3Hadenus 0,997 u 1,988, coot-
BETCTBEHHO. [Ipy 3TOM yMeHBIIICHHE IIara CETKH HE MPH-
BOAWJIO K TOSBICHUIO HOBBIX JIOKATBHBIX MHHHMYMOB.
Ha puc. 2B BuaHO, 4TO s o =1 OBLI MONYYEeH OJHMH
JIOKAJIbHBIH MHHUMYM, KOTOPOMY OTBEUAJI0 3HAYCHUC
1,272 . DTOT MUHUMYM Taroke OBUT YCTOHYMB K YMEHBIIIE-
HUIO IIara CeTKW. TakuM oOpa3oM, BBIOOp 3HAYCHUS
o =0,03 okaszancs HawIydyllUM, TaK Kak OH IpHUBEN K
BEPHOH OIEHKE KaK KOJIMYECTBa 3HAUCHUH aMIUTUTYIHOTO
napaMmerpa, Tak M caMuX 3HadeHuWil. bosee Toro, s
o =0,03 momenmmpoBanue o MHOKECTBY u3 100 cirydaii-
HbIX peanu3auuil myma Komu mnokasano ycTOWYMBOCTB
MTOTy9aeMbIX OICHOK K Pa3iIMYHBIM pear3alusM IIyMa.
Tak, B 3TOM cilyyae KOJIMYECTBO JIOKAIbHBIX MUHIMYMOB
BCErJa PaBHSIOCH JIBYM, a OICHKH HMCKOMBIX 3HAuYCHHH
aMIUIMTYZHOTO TNapaMeTpa UMENH TaKue XapaKTepHCTH-

KH: CpelHee 3HadeHHe OLEeHOK paBHsuioch Al =1,003 u

Zz =1,990, mucniepcus (KBagpaT OTKIOHEHHUS OT CpeIHe-
3HAYEHUsI)  OILICHOK
var(A) =1,54-107 u var(A,)=2,21-10">, cpennexsaz-
paruueckas ~ omuOKka  OICHUBaHUS  ObUla  paBHA
err(A)=0,005 u err(Ay)=0,011, a makcumainbHOE (110
MOJYJII0) OTKIOHEHUE OT UCTUHHOTO 3HAYCHHUS COCTABIIsI-
1o BennuuHbl O(A)=0,012 u 8(A;)=0,025 . OrmeTum
TaK)Ke, 4TO MPH MPOBEACHUH MOICIUPOBAHHS BHIOOP
o =0,01 mpuBOIMI K TOSBICHUIO JHUIIHETO (TPETHEro)
JOKambHOTO MUHUMyMa B 14 ciydasx n3 100, a BBIOOD
o =0,1 mpuBomui k mortepe Ooyiee cimaboro (BTOPOro)
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Tro cocCraBjidiia BCJIIMYHHBI

20

JIOKaJIbHOTO MUHMMYyMa B 3 ciydasx u3 100. OnHako BBI-
6op o =0,08 naBanm Ho-mpexHEMY yCTOWYHBBINA pe3yJiib-
TaT, TaK KaK BCET/1a IPUBOAMI K ABYM JIOKJIBHBIM MHUHH-
myMmaMm. Ilpu yBenudeHuM mnapaMeTpa Macuraba Iryma
Komm B 10 pa3 Beibop o =v=0,] mpakTniecku Bcerna
(B 98 ciryuasx n3 100) mpuBoaun k norepe Oosee cnadboro
(BTOporo) MuHMyMa. Takum oOpazom, IS ciydast Heu3-
BECTHOT'O JIMHEHHOTO MapameTrpa 001acTb MPUMEHUMOCTH
MPEATI0KEHHOTO TOAX0Aa OKa3ajach OTPaHHYCHa OTHO-
CHUTEIFHO OONBIIMMK 3HAYCHUSIMH OTHOIUCHHS CHI-
HaJI/IIyM, KOTOPOE MOXKHO PaccMaTpyBaTh KaK OTHOILIe-
HHE Pa3sHOCTU MCKOMBIX aMIUTUTYHBIX 3HAaU€HUH K 3Ha-
YEHHIO NapamMeTpa MaciuTaba 1ryma.

Ha puc. 3. u puc. 4 npuBeeHs! pe3ynbTaThl MOAETH-
pOBaHHMs [yl BTOPOTO NpUMEpa 3aJadyll OLCHUBAHUS He-
CKOJIbKMX 3HAU€HWH HEM3BECTHOr'O JIMHEHHOTO IapamMer-
pa. Ha puc. 3a mpuBeneHa ofHa U3 CIy4alHBIX pean3a-
Ui ucxomgHo# 3aBucumoctH (22) s v=0,1, a Ha puc.
36 — npumensiemMast Mmoaeip JuHuU: f(X)=kx+B ¢ ox-

HHMM U3 BO3MOXKHBIX 3HAUCHHUI napamMeTpa B.

g(x) )
4 4
2 2
0 0
-2 -2
-4 -4
01 2 3 4 5 x 0 1 2 3 4 5 x
a 0
Pucynok 3 — MogenupoBaHue 3a/1au ¢ JIMHEHHBIM ITapameT-
pom:

a — UCXOoJHasi 3aBUCUMOCTD C LIIYMOM KOI_HI/I; (= MOJACIIb

Puc. 4a, puc. 40 u puc. 4B 0TOOpakatl0T COOTBETCT-
BYIOIIME LieneBble (YHKIUH, KOTOpbIe OBLIM MOJIy4YEHBI
mis =0 u q=2 B caydasx o =0,001; o=0,03 u
o =1. J[ng Bcex 3TUX ciay4yaeB pPacIUMPEHHBINA MEXKBap-
TWJIBHBIA WHTEpBaN ObUT paBeH [—14,030;0,051], a chop-

MupoBaHHbIH miar cetku AB=0,138, c=AB u P =103 .

Hns nmyume#t Busyanmuzamum rpadukoB  (QyHKIHOHANA
KBa3WIPOTSHKEHHOCTH MHTEpPBaJl 3HAUeHHUH mapamerpa B
OBLT MPOJOIDKEH BJIEBO W BIPaBO ¢ maroM AB Takmm
o0OpaszoM, uto0bl oH Obin He MeHbme [—30;10]. U3 pac-

CMOTPCHUA YKAa3aHHBIX PUCYHKOB BHUJHO, YTO AJIsA 3HA4YC-
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HUM O, KOTOPBIE MEHBINE 3HAYCHUS L, (QyHKIHMOHA
KBAa3WNPOTSHKEHHOCTH  COZEPKUT JIMIIHME JIOKaJbHBIE
MHHUMYMBI, a JJIsl 3HAUeHHs1 oL, KOTOpoe OoJblie 3Have-
HHUA U, KOJIMYECTBO JIOKAIBHBIX MHUHHUMYMOB PaBHO KO-
JUYECTBY MCKOMBIX 3HaueHuil mapamerpa B . JleiicTBu-
tenpHO, s o = 0,001 ObLma mosydeHa msATEepKa 3Haue-
Humit: (—14,030; —6,990; -3,262; —-2,710; 0,051); s
o =0,03 Obuta monydeHa yerBepka 3HadeHuit: (—14,030;
—6,990; —3,262; 0,051) u gna o =1 — Tpoiika 3HAYCHUII:
(—13,754; —6,990; 0,225) . N3 3TuX pe3ynbTaToB MOXKHO
3aKIIOYUTh, YTO AL JAHHOTO MOJEIHPOBAHUS JyYIINM
3HAYEHHEM IapaMeTpa CTJIKUBAHUS SBISETCS 3HAUCHHE
a=1.

Ha puc. 5 n puc. 6 npuBeneHbsl pe3ynbTaThl MOJCIH-
pOBaHMS 33/1a4M OLICHUBAHUS JBYX 3HAYCHUI HEH3BECT-
HOTO HEIMHEWHOTO TMapaMeTpa, KOTOPBIM SIBIISUIACh Yac-
TOTa CHHycougalbHOro curHaina. Ha puc. 5a npuBenena
OlHA W3 CIy4YalHBIX peanu3zauuii 3aBucumocTtu (16) B
nryme Komm, a Ha puc. 56 npuBeneHa MoJenb C OJHUM U3
BO3MO>XKHBIX 3HAUCHUH YacTOTHI.

g(x) ftx)
0.5 0.5
0 0
-0.5 -0.5
-1 -1
0 1 2 3 4 x 0 1 2 3 4 x
a 0

Pucynok 5 — MoaenupoBanue 3ajauu ¢ HETMHEWHBIM MTapaMeT-
POM: a — UCXOJHAsA 3aBUCUMOCTH ¢ mrymoM Komm; 6 — Monens

Puc. 6a, puc. 60 u puc. 6B OTOOpaXKarOT IICICBBIC
(yHKIMH, KOTOpBIe ObUTH MOMy4IeHBI 1 =0 m =2 B

cioydasx oo =0,001; a=0,03 u o =1; mpu 3TOM 067IaCTH
UX BU3yalu3alMud OblIa OrpaHUYeHa IMOJOCOH YacToT

[0; 10]. Ha 3Tux puCyHKaxX BHIHO, YTO OLIEHKH HCKOMBIX

3HAQUEHMH YacTOTHI, KOTOPHIM OTBEYAIOT MECTOIOJIOXKE-
HUSL JIByX CaMbIX TIJyOOKHX JIOKJIBHBIX MHHHMYMOB,
MPaKTHYECKH TOYHO COBIAJAIOT C MCKOMBIMH 3HAYCHUSI-
MU 4acTOThl. MoaenupoBaHUE 3TOW 3aJayd CO 3HAYH-
tenpHO (B 10, 100 m 1000 pa3) MeHBIINM 3HAYCHHUEM IIIa-
ra Av TOKa3aJio 3HAUUTEIBHOE YBEJINYEHHE OOIIEero Ko-
JMYecTBa JIOKAIBHBIX MHHHUMYMOB. B wactHocTH, uIst
ciydas o = 0,001 ymensmenne Av B 1000 pa3 mpuseno
K POCTy KOJHMYECTBA JIOKAIbHBIX MHHHUMYMOB Cc 76 10
39857 mtyk. OnHaKO MpU 3TOM OCHOBHBIE JIOKAJIbHBIE
MHUHAMYMBI HE PACIIEIUISUINCH, 3 KOJINYECTBO JOKAIBHBIX
MHUHAMYMOB, KOTOpble ObUIM TiyOXe, 4YeM cpelnHee
apupMeTHuecKkoe 3HayeHHe (YHKIMOHANA, OCTaBAJIOCh
paBHBIM ABYM. TakuMm o0pa3om, IUis JaHHOH 3a1adMl 11o-
por, paBHBIH CpeaHeMy apu(pMETHYECKOMY 3HAUCHHIO
(yHKIMOHAIA, TO3BOJISIET BBINOJIHUTE OTOOP OCHOBHBIX
JIOKJIbHBIX MHHUMYMOB.

MogaenupoBanue aaHHod 3amaun g o =0,03 mo
MHoxecTBY M3 100 ciyuaiiHeix peanuszanuii mryma Komm
MOKa3alo yCTOWYMBOCTH MOJyYaeMbIX OLIEHOK. Tak, B
cryqae Av =0,2 1mBa caMBIX TIyOOKHX JIOKAJTBHBIX MU-
HUMyMa BCErZa JaBajl TaKHe OLEHKH MCKOMBIX 3Haue-
HHUH 9aCTOTHI, KOTOPbIE OBUTH paBHBI HCTHHHBIM 3HAYCHH-
AM. YIIydIlleHHEe KeJJaeMOH TOYHOCTH OLICHUBAHUS IIyTeM
3aaanus BenuuuHbl Av =0,002 npakTUYecKu HE H3Me-

HHUJIO 3TOT PE3yJbTaT: OLEHKA 4acTOThl V| B 98 ciydasx
n3 100 6buTa paBHa HCKOMOMY TiepBoMy 3HaueHuio 1,000
M B OCTaBIIMXCS ABYX ciydasx Obuia paBHa 0,998, a
OLICHKa 4acToThl V, B 100 cimywasx u3 100 Obuta paBHa
HCKOMOMY BTOpoMy 3HaueHuto 2,000 .

Ha puc. 7 npuBeneHbsl pe3ynbTaTbl MOAEIMPOBAHUSA
JTAaHHOH 3a7]a4M B YCIOBHSAX OTHOCHTEIBHO CHIJIBHOTO IITy-

E(@B9 (@B EeBa)

900
800

4000
800

700 3000
700

600 2000

-30 -20 -10 0 B -30 -20 -10 0 B -30 -20 -10 0 B
a §) B

Pucynok 4 — ILleneBas GyHKOus IJ1s TMHEHHOTO MapaMeTpa ¢ TpeMsI 3HAUYSHUSIMH [P [TapaMeTpe CTIIaKHBaHMS:
a—0=0,001; 6 — 0=0,03; B — a=1; HalineHHbIE JIOKAIFHbIE MUHIMYMBI 0003HaYEHBI KPYKKaMH

E(aﬁﬂ) E(aﬁq) E(aﬁq)
400 400 400
300 300 300
200 200 200
0 2 4 6 8 v 0 2 6 8 v 0 2 4 6 8 \Y
a 0 B

Pucynok 6 — LeneBas GpyHKuust 17151 HEIMHEWHOro Napamerpa rnpu napamerpe criaxusanus: a — 0=0,001; 6 — 0=0,03; B — a=1
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Pucynok 7 — MonenupoBaHue npu CUJIBHOM LIyMeE:
a — HCXOZHBIEC JJAHHBIE; 6 — MOIYIIb CIEKTPA; B — (PyHKIIMOHAN KBa3HIPOTSHKCHHOCTH

Ma, KOTOpBIH MozenupoBaics myMmoM Komm ¢ mapamer-
poM macmrtaba v=0,1. Ha puc. 7a npencrasneHa onxa
13 CIy4aliHbIX pealn3alyii NCXOMHBIX JaHHBIX ((X). Ha
puc. 76 npencrasned Mmonyib Dypre-criektpa G(v) sToH

Cly4aifHOW pearu3aniy, KOTOPbIA ObUT MOJYyYeH MOCPEa-
CTBOM MPUMEHEHHS K HeW JUCKPETHOrO MpeoOpa3oBaHUs
@dypbe W BBMUCICHUS MOIYJSA. 34eCh BHIHO, YTO IPU
3aJ]aHHOM YpPOBHE IIyMe HEBO3MOXXHO OLICHHTh HCKOMBIC
3HaueHus1 4actoTrhl. Ha puc. 7B mpencraBiieHa LieneBas
(GyHKIMS, KOTOpas OTBe4aeT (PyHKIMOHAIY KBa3HIPOTS-
JKEHHOCTH ¢ mapameTpamu a.=v, =0 u q=2. 3nech

BUJIHO, YTO JIBA CaMbIX ITyOOKHX JIOKAJIbHBIX MUHHMYyMa
TIO3BOJISIIOT KOPPEKTHO OIIEHUTh MCKOMBIE 3HAYECHUS yac-
ToThl. bonee Toro, yBenuuenue ypoBHs uryma eme B 10
pa3 (IIyTeM yCTaHOBJIEHUS 3HAYCHHUA L =1 ) HE YCTpaHUIO
BO3MOXKHOCTh KOPPEKTHOTO OLICHWBAHMsI 3HAUYEHHs Yac-
TOTBI TIOCPEICTBOM (YHKIIMOHANA KBA3UIIPOTSHKEHHOCTH.
OnHako yBenmuueHue ypoBHs miyma emie B 10 pa3 (mytem
yCTaHOBJIeHHS 3Ha4deHHs L =10) caenamo 3TO HEBO3-
MOXHBIM.

6 OBCYKJAEHUE

O1eHKN KOJIMYECTBa 3HAUYEHHH M HEMOCPEICTBEHHO
caMUX 3HAYCHUH HEW3BECTHOTO JIMHEHHOTrO Iapamerpa
MTOKA3bIBAIOT, YTO OHU CYIIECTBEHHO 3aBHCAT OT BEIMYH-
HBI [TapaMeTpa criaaxuBanus o . M3 cpaBHeHus puc. 2a,
puc. 20 u puc. 2B BUIHO, YTO NPU HEAOCTATOUYHOM CIJia-
KMBaHUM MMeeM OJIM3KO PaCIONIOKEHHBIE JPYT K APYry
JIOKaJIbHBIE MUHUMYMBI, & IPH YPE3MEPHOM CTIIaXKHBaHUN
UMEEM TOJIBKO OJMH MUHHMYM. [loaToMy ecim anpropHO
W3BECTHO, YTO HEW3BECTHBIM IapaMeTp MOMKET IPHHH-
MaTb HECKOJIBKO 3HA4YeHWH, TO IOSIBICHWE MHOXXECTBA
OIM3KOPACIOIOKEHHBIX MUHUMYMOB LIENIeBOH (DyHKIMU
TOBOPUT O HEIOCTATOYHOM CIJTIA)KMBAaHUH, a ITIOSIBJICHHE
TOJIBKO OJHOTO MHHHMyMa — O YPE3MEPHOM CIJIaXKHBa-
HUK (yHKIHoHana. OIHAKO JaKe B CIydae ONTHMAJIbHO-
ro criaxuBaHus (puc. 20) Henb3s HaJeaThCs Ha MONyue-
HHE OLIEHKH C TOYHOCTBbIO, KOTOpas MEHBIIE BEIMYHHBI
MaciiTaba myma. B camom zene, monmydeHHbIe pe3ysbTa-
THI TTOKa3bIBAIOT, YTO B ATOM CJIy4ae MaKCHMaJbHOE OT-
KJIOHEHHE OIIGHOK OT HMCTHHHBIX 3HAU€HHH OKa3aJioch
OoutbIIe 3aJaHHON TOYHOCTH B J[Ba pa3a.

[Ipn cubHOM CriIaXUBaHUM (YHKIMOHANA KBAa3UIIPO-
TSHDKEHHOCTH BO3MOJKHA TOTEpsl €ro ClaldbIX JIOKAIBHBIX
MHHHMYMOB, KOTOpas MPUBOAUT K OLIMOKAaM OLICHUBA-
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Husl. TloCKOJNBKY TpH HaIMYMK IIyMa CIIaXUBaHHE
(yHKIIMOHANA SBISIETCS HEOOXOIMMOM omepamueld, To
IIpY ToTepe cIadbIX MUHUMYMOB TPEJIOKEHHBIA 1TOIXO0.T
MOXKHO YIIYYIIHTh IyTeM IOUCKA TOYEK INepernda (QyHK-
[IMOHAJIA, B KOTOPBIE MOTYT MPEBPALIaThCs €ro JIOKajb-
HbIE MHHUMYMBI IIPY CHJIBHOM CIJIa)KHBaHUH.

Cremyer Takke OTMETHTb, YTO A JAHHOHM 3agadyu
apudMeTHUeckoe YCpeIHEHHE peaau3aluil HCXOIHBIX
JIAHHBIX HE TI03BOJISIET YJIYYIIUTh MX KadecTBO, TaK Kak
TaKoe ycpeiHeHue peanusanuii mryma Komu 6ecrnonesHo.

OIleHKM KOJMYECTBa 3HAUYEHHH M HENOCPEICTBEHHO
caMuX 3HauYCHHWH HEM3BECTHOTO HEIMHEHHOTO mapameTpa
MOKa3bIBAIOT, YTO OHM CNabo 3aBHCAT OT IapameTpa
crnaxuaHusi o . OfgHaKo OHHM TPeOYIOT HCIONB30BAHUSA
JOCTaTOYHO MEJKOIO Iara CeTKU MO TaKoMy HapaMerpy.
B npencrasneHHoM npumepe Takasi cetka Oblia chopmu-
POBaHa II0 aHAJIOTUH C CETKOH MeToJa JUCKPETHOTrO Ipe-
obpazoBanust @ypee. C Apyroil CTOpoHsI, MOJOOHAS CeT-
Ka MOXeT OBbITh c()OpMHpPOBaHA M HA OCHOBE MHO>KECTBA
«TIpOOHBIX» 3HAYEHWH Iapamerpa, IOJy4aeMbIX B pe-
3yNbTaTe PEIICHUs COOTBETCTBYIOLIEIO HEJIMHEHHOTO
YpaBHEHUSL.

B menom, pe3ynbTaThl MOACIUPOBAHUS MOATBEPIKIA-
10T 1e1eco00pa3HOCTh W JIEMOHCTPUPYIOT 3(deKTHB-
HOCTB ITPEIOKEHHOTO TIOIX0a.

BbIBO/IbI

Pemiena aktyanmpHas TpoOJjieMa OLCHMBAHUS HEU3-
BECTHOr'O MapaMmeTpa 3aJaHHOW MOJENU JaHHBIX B YCJIO-
BHSX, KOTJIa Ha WHTEpBaje HAOMIOJCHUS JaHHBIX ITOT
napameTp MpUHUMAET HECKOJIbKO 3HaueHud. [l pere-
HUS 3TOH TPOOJIeMBI TPEINIOKEH MOAXO0I, KOTOPHIA 3a-
KITIOYaeTCs] B IOCTAHOBKE M PEUICHUU 3a/1a4d MHHUMH3a-
oM (QYHKIIMOHAIA KBa3HWIIPOTSDKEHHOCTH OT (PYHKITUH
HEBSI3KH JIAHHBIX C UX MOJIENBIO. DTOT MOJIX0] 00eCHeyn-
BaeT MHIUBUAYATN3AIMIO 3HAUCHUH HEU3BECTHOTO Mapa-
MeTpa B BUJIE JTOKAITbHBIX MUHUMYMOB COOTBETCTBYIOLICH
1eJIeBOM (DyHKIMU. Pe3ysbTaThl YHCIEHHOTO MOJCITUPO-
BaHUA 3aJaud JUIsl CJIy4aeB JIMHEHHOTO W HEJIMHEWHOTO
MmapaMeTPOB MOATBEPIWIN PPEKTHBHOCTh MPUMEHCHHS
MPEAIOKEHHOT0 MOAX0 2.

HayuyHasi HOBU3HA TOJYYEHHBIX PE3YJIbTATOB COCTO-
UT B TOM, YTO BICPBBIC MPEHJIOKCH OOIMMH IMMOIXOI K
OIICHWBAHWIO HEW3BECTHOTO IMapaMeTpa C HECKOJIHKUMH
3HAYCHUSIMU, TTO3BOJITIONIUH TyTEM MUHUMHU3AIUHN (HyHK-
IMOHAJa KBa3UIPOTSHDKEHHOCTH (YHKIUH HEBSI3KH O
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YK 004.02
OIIHIOBAHHS ITAPAMETPA 3 JEKIJIbKOMA 3HAYEHHAMHA
Bosk C. M. — kauz. ¢i3.-MaT. HayK, JOLEHT, JOLEHT Kadeapy KOMI I0TEPHUX HayK Ta iHpopMaliifHiX TexHosorii J[HinmpoBch-
KOro HarioHaneHoro yHiBepcuteTy iMeHi Onecst ['onuapa, J{Hinpo, YkpaiHa.
Ipoxomuyk O. M. — acnipanTt kadeapu KOMIT IOTEpHUX HAyK Ta iHPOpMaLiitHUX TexHoyori J[HIMPOBCHKOrO HAlliOHAIBLHOTO
yHiBepcutety imeHi Onecst ['onuapa, Jninpo, Ykpaina.

AHOTAULIA

AKTyaabHicTb. B yMOBax, KOJM Ha Pi3HUX YACTHHAX IHTEPBAJy CIOCTEPEKCHHS [apaMeTp 3a7aHoi MOeli TaHHX HalyBae pis-
HHX 3Ha4CHb, BUHUKAE 33/1a4a OL[IHIOBAaHHS Mapamerpa 3 JeKijJbkoMa 3HaueHHsIMH. O0’€KTOM JOCIIDKeHHS B IaHii po6oTi € mpouec
OLIIHIOBaHHSI ITapamMeTpa 3 AKUIbKOMa 3HAYCHHIMH.

Meta. MeToro po6OTH € po3poOKa MiJX0ay O BUPILICHHS 3aBJaHHS OIIHIOBAHHS JCKIILKOX 3HAUCHb HEBIJIOMOTO MmapameTpa
UL 33]1aHOT MO IaHHUX.

Merop. ITinxin g0 BUpiLIeHHS 3aBIaHHS OLIHIOBAHHS HEBIZOMOro mapamerpa 3 JeKiIbKOMa 3HaYCHHSMH 3aCHOBAaHHI Ha MOOY-
JOBi (yHKIIT BIAXWITY JaHHUX BiA X MOJEIi 1 HOAAIbIIOMY 3aCTOCYBaHHI 0 HEl KPUTEPil0 MiHIMyMy MpOTsDKHOCTI. Kputepiit mMiHi-
MyMy MPOTSDKHOCTI JTO3BOJISIE 1HIMBIAyali3yBaTH 3HAUEHHS HEB1IOMOTO MapaMeTpa Yy BHIVIAAL JOKAJIBHUX MIHIMyMIB (yHKIIOHATY
KBa3iMPOTsHKHOCTI AJI 3aaHoi QyHKIIT BiAXWIy. Y IUCKPETHOMY BHIAAKY MPOIMOHOBAaHMH MiAXiJ MOJISATAE B MOIIYKY OCHOBHHX
JIOKaJIbHUX MIHIMyMiB 0araTtoekcTpeManbHOl ninboBoi (yHKii. [ BUPIMIEHHS [bOTO 3aBIAaHHS B OJHOBUMIPHOMY BHUIIAJIKY 3aIpo-
MIOHOBAHO MPOCTHil METO/, €EKTUBHICTh SKOTO MMPOLTIOCTPOBAHA HA MPHKIALAX 3a[a4 3 OAHMM HEBIIOMUM JIHIIHIM HapaMeTpoM
Ta 3 OJIHAM HEBIJIOMHUM HEJTiHIHHUM apamMeTpoOM MOJICIIi.

PesyabsTaTn. Ha BigMiHy Bia TpaauuiiiHUX MiIXo[iB, 3aCHOBAaHUX HA KpUTEpii HAWMEHIIHNX KBajpaTiB abo KpuTepil HaliMeHIINX
MOJYJIB, sIKi 3a0€3Meuy0Th MOXJIMBICTh OLIHIOBAHHS TUIBKH OJHOTO 3HA4EHHS HEBIJOMOIO MapameTpa, 3alpONOHOBAHMN MiIXif
3abe3rneuye MOXJIUBICTh OLIHIOBAHHS [IEKIJIbKOX 3HAYeHb HEBIAOMOTro mapamerpa. UucenbHE MOJCIIOBAHHS OJHOBHMIPHHX 3a1ady
ampoKcuMarii JaHUX MOJENSMH 3 OAHUM HEBiIOMHUM JIHIHHIM IapaMeTpOM Ta 3 OJHUM HEBIOMUM HENiHIHHUM MapamMeTpoM Mia-
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TBEPAWIIO JOLUIBHICTD 3aIIPOIIOHOBAHOTO MiAXOMy i Horo edeKTHBHICTH B yMOBaX, KOJIM HEOOXiJHE 3IIIa/KyBaHHS HE NPHU3BOJUTH
JI0 BTPaTH CIa0KHX JIOKAJTBHUX MIHIMYMIB.

BucHoBku. {151 OL[iHIOBaHHS HEBiOMOrO MapameTpa 3 JCKiJIbKOMa 3HAUCHHSMHU JOLIIBHO BUKOPUCTOBYBATH ITiJXiJ, KU 110-
Jsirae B TIOCTAHOBLI Ta pillieHH] 3a4a4i MiHiMi3auii (pyHKIIOHATY KBa3iMPOTSHKHOCTI, KM OOy JOBaHUI Ha OCHOBI (yHKIIT BiAXUITy
naHux Bix 3amanol moneni. Leii miaxix 3abe3nedye iHANBIAyanizalilo 3Ha4YeHb HEBIZIOMOTO IapamMeTpa LUIXOM (OpMyBaHHs BiJIIO-
BITHHX JIOKaJbHUX MiHIMyMiB LUTbOBOI (DYHKIII1, K1 BiAMOBiAAIOTh IIyKaHNM 3HAYEHHAM NapameTpa. Pe3ynpTaTtu unceapHOro Moje-
JIOBaHHS OJHOBHMIPHUX 3aJad I BUMAJKIB JIHIHHOTO Ta HETIHIHHOTO MapaMeTpa MiATBEpIWIN ¢(QeKTUBHICTh 3aCTOCYBaHHS 3a-
MPOIOHOBAHOT'O MiIXO/y.

KJIIOYOBI CJIOBA: 06po6ka, omiHIOBaHHSI, KPUTEPiH, IPOTSHKHICTD, allpOKCHMAITISL.

UDC 004.02
ESTIMATION OF PARAMETER WITH SEVERAL VALUES
Vovk S. M. — PhD, Associate Professor, Associate Professor of the Department of Computer Science and Information Technol-
ogy, Oles Honchar Dnipro National University, Ukraine.
Prokopchuk O. M. — Postgraduate student of the Department of Computer Science and Information Technology, Oles Honchar
Dnipro National University, Ukraine.

ABSTRACT

Context. The problem of estimating a parameter with several values on different parts of the data interval is considered. The ob-
ject of this research is the estimation of several values of an unknown parameter.

Objective. The approach to the estimation of several values of an unknown parameter for a given data model is to be developed.

Method. The approach to solve the estimation problem of the unknown parameter with several values is based on the construct-
ing a function of the residual between the data and their model and on the subsequent applying the minimum-extent criterion to it.
The minimum-extent criterion allows detecting the values of unknown parameter in the form of local minima for the quasi-extent
functional of residual function. In the discrete case, the proposed approach is to search for the main local minima of the multi-
extremal objective function. To solve this problem in the one-dimensional case a simple method is proposed. The performance of this
method is illustrated by the examples of the problems both with one unknown linear parameter of the model and with one unknown
non-linear parameter of the model.

Results. Unlike the traditional approaches based on the criterion of least squares or criterion of mean-absolute deviation which
provide the possibility of estimating just one value of unknown parameter, the proposed approach provides estimating the several
values of unknown parameter. Numerical simulation of the one-dimensional approximation problem with models containing the one
unknown linear parameter and the one unknown non-linear parameter confirmed the feasibility of the proposed approach and its per-
formance when the necessary smoothing does not lead to the loss of weak local minima.

Conclusions. To estimate the several values of unknown parameter it is advisable to use the approach which consists in solving
the minimization problem of the quasi-extent functional for the residual function of data. This approach provides an individualization
of the values of unknown parameter by forming the corresponding local minima of the objective function. The results of numerical
simulation of the one-dimensional problem for both the linear and non-linear parameter confirmed the performance of the proposed

approach.
KEYWORDS: processing, estimation, criterion, extent, approximation.
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UDC 519.872

THE ANALYTICAL DESCRIPTION OF FINAL PROBABILITIES
FOR STATES OF QUEUING SYSTEMS WITH INPUT FLOW
OF GROUPS OF REQUIREMENTS

Gorodnov V. P. — Dr. Sc., Professor, Professor of the National Academy of National Guard of Ukraine, Ukraine.

ABSTRACT

Context. The management of many economic and other “service” systems of random flows of “requirements” is based on the
prediction of their efficiency, based on an estimate of the system states probability distribution. In a number of important practical
cases, the input flow may have random composition groups of requirements, which determined the applicability of linear algebra
numerical methods for searching probabilities, and also made it difficult to build queuing systems that are effective in a range of
conditions and made it impossible to obtain probability estimates for systems with an infinite number of places to wait for service.
The objects of the study are Markov models of three types of queuing systems: with refusals, with a limited and with an unlimited
number of places to wait in the conditions of the input flow of a random composition groups of requirements.

Objective. The goal of the work is to obtain an analytical description of the final state probabilities which are necessary to
predict the values of efficiency indicators for three types of Markov multichannel queuing systems: with refusals, with a limited and
with an unlimited number of places to wait in the conditions of the input flow of random composition groups of requirements.

Method. In the general case, the probabilities of states in queuing systems with input flow random groups of requirements are
described by Kolmogorov differential equations. The Kolmogorov equations, in the stationary state of the queuing system, are
transformed into a linearly dependent homogeneous system of algebraic equations. The final probabilities of the states of a queuing
system can be found by numerically solving a system of equations using methods well known in linear algebra: complete exclusion,
the inverse matrix, and the matrix method of Ramaswami [3], [38], which takes into account the repeating block structure of the
system of equations matrix. The infinite number of unpredictable combinations for the set of numerical values of the considered
queuing systems parameters makes it difficult to control the operation of such systems and to build systems that are effective in a
range of conditions.

In queuing systems with an unlimited number of places to wait, the number of equations becomes infinite, and numerical
methods become unsuitable for final probabilities searching and for solving problems of analysis, synthesis and control of queuing
systems. Analytical expressions for the final probabilities of queuing systems are obtained by equivalent transformations of
homogeneous systems of algebraic equations in the general case of each type of queuing system mentioned above.

Results. The obtained analytical expressions for the final probabilities of the queuing systems states for three noted system types
are not previously known and therefore required verification of their correctness. Such a check was performed by the way of
degenerate the flow of random groups of requirements in the input of the system to the simplest flow of requirements. As a result of
verification, analytical expressions for the final probabilities of the considered systems states were automatically transformed into the
corresponding well-known models of queuing systems with the simplest input flow of requirements. This effect allows us to consider
the well-known models of queuing systems of the simplest input requirements flow — to be a particular case of the obtained models of
queuing systems with an input flow of groups of requirements.

Conclusions. To further verify the correctness of the results and to assess the degree of influence of requirements random
number in groups of input flow onto the system efficiency, a numerical example is given for the critical conditions of a constant
intensity of requirements flow equal to the total performance of the system’s service channels. In this case, only the average number
of requirements in groups changed. The results of the numerical experiment testify in favor of the correctness of the obtained
analytical expressions for the final probabilities and in favor of the possibility of their practical application in real queuing systems
when solving problems of forecasting efficiency, as well as analyzing and synthesizing the parameters of real queuing systems.

KEYWORDS: Markov models, Queuing systems, Requirements groups.

ABBREVIATIONS M/ /M/n/eo is a designation of the queuing system
QS is a queuing system. noted above but with an infinite number of places to wait,
it means M=oo;
NOMENCLATURE M /M/n is a designation of the queuing system noted
L is a maximum number of requirements in a group; above but with no places to wait and it means with
M/M/n/m is a designation of queuing system; refusals;
M is a designation of Poisson input flow of groups of | is a flow intensity of requirements at the input of the
requirements of random composition with the maximum  queuing system;
number L of requirements in a group; t is a current time;
M is a designation of an exponential distribution of the f,( is a density distribution of the requirements flow

random service time of each requirement;

n is a number of identical channels (devices) in the
queuing system;

m is a number of places to wait;

at the input of the queuing system;

e=2,71... is a second remarkable limit;

Tar 18 @ mathematical expectation of requirement’s
duration of service by the service device;

u is a performance of one service device;
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f, () is a distribution density of service duration;
i is the number of requirements in the group;
v is a number of occupied places to wait;
a; is a probability of a group consisting of exactly i
requirements at the input of the queuing system;
) is a parameter of requirements groups flow at the
input of the queuing system;
A is a parameter of requirements groups input partial
flow that consists of exactly i requirements in the group;
Py is a probability of a queuing system state in which

exactly k devices are occupied,;

Prsy is a probability of a queuing system state in
which exactly n devices are busy by servicing and exactly
y waiting places are occupied by requirements;

p is a load factor of a queuing system with a simplest
flow of requirements;

p;i is a load factor of queuing system by a part of the

input flow of requirements groups;
fi is a non-ordinary function, which deforms the

probability p of the k-th state of the queuing system

when groups appear in the input flow of requirements;
My 4 is the mathematical expectation of the busy

devices number;
M[i] is the mathematical
requirements number in groups;
A is an absolute system capacity;
P.ervice 18 @ service probability of queuing system;

expectation of the

P.fusal 1S @ refusal probability of service;
Sy is a system state, at which exactly k requirements

are under maintenance;
fi is a non-ordinary function.

INTRODUCTION

In industry, science, medicine, commerce, information
networks, management systems, and in other areas, there
is often appears repeated massive demand (flow of
requirements) for various services. To work out such
requirements, the corresponding “service” systems are
created.

The wide distribution and diversity of such systems
has caused the need to develop appropriate models of
queuing systems (QS) for solving problems of analysis,
synthesis and control of real systems. The moments of
occurrence of each requirement and the duration of its
working out (service) are not known in advance (are
random). Therefore, most models are stochastic

In real systems, as a rule, the conditions of the central
limit theorem of A. Ya. Khinchin [18] are satisfied, and
an input flow of requirements, that is close to the simplest
one, is automatically generated. For such conditions, there
are well-known models, for example, in [45]. However,
requirements can often enter the system in groups with an
unknown (random) quantity in the group. In queuing
systems, shock loads occur, the effectiveness of systems
decreases.

© Gorodnov V. P., 2019
DOI 10.15588/1607-3274-2019-4-3

26

To perform a forecast of the effectiveness in such
system and in such conditions its possible only by
numerical methods for specific numerical values of the
conditions parameters. Unfortunately, the probability of
“guessing” the exact values of the future set of continuous
random variables (the parameters of the conditions) is
strictly zero. Therefore, numerical analysis can be
adequate to the real process only a posteriori, which
sharply reduces its scientific significance and at the same
time makes it important to search not numerical, but
analytical descriptions of state probabilities and efficiency
indicators of queuing systems with an input flow of
groups with random composition of requirements.

The object of study is a steady-state process of
servicing a flow of requirements groups in M /M/n
queuing systems with refusals, as well as with limited
M./M/n/m and with unlimited M /M/n/eco number of places
to wait.

The subject of study is the distribution laws of the
final state probabilities in queuing systems M,/M/n with
refusals, as well as with limited M/M/n/m and with
unlimited M /M/n/eo number of places to wait and in input
flow conditions groups of requirements with a random
number of requirements in groups.

The purpose of the work is to obtain an analytical
description of final probabilities for the general case of
the M /M/n model of a queuing system with refusals as
well as for queuing systems with waiting M /M/n/m,
M/M/nfoo and with a non-ordinary input flow of
requirements. The noted final probabilities are a complete
description of the systems operation and allow estimating
the expected values of all known indicators of the queuing
systems efficiency.

1 PROBLEM STATEMENT
The flow of non-ordinary requirements with intensity

I and density f;(t)=1le"'" enters the queuing system.

Service duration is random and has exponential

distribution f,(t)=pe™ . By virtue of the
distribution densities, a Markov process with continuous
time and discrete states arises in the system.

This paper relies on a system of statements about the
properties of a non-ordinary (general stationary) flow [18,
pp. 14, 40, 41], which we present without proof.

The stationary flow of time points for the arrival of
groups of events without aftereffect is the simplest and is
called the General Stationary Flow or non-ordinary flow.

Non-ordinary flow includes groups of i requirements
(i=1,2,..,L) in a group. The flow can be determined by

noted

setting the probabilities distribution law (a; ) of appearing

exactly i requirements in any group of input flow. Then
the flow parameter A will be less than the flow intension

(I,r<1) and will include partial flows with
parameters A :
L L ]
Ai=hai; A= Ay =Dl (1)
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A. Ya. Khinchin limit theorem [18] for random time
intervals between groups of events in a non-ordinary flow
is preserved and the form of the exponential distribution
of time intervals is preserved too, but with the
parameter A :

fy=re™, t>0. )

At the same time, to fulfill equality (A=1) it is
necessary and sufficient to havea; =1. In this case, the

flow of events becomes the simplest. For all other (non-
ordinary) stationary flows without an aftereffect, the
intensity of the flow is always greater than its parameter
(I>n).

2 REVIEW OF THE LITERATURE

The first model for calculating the part of calls that
receive service at a telephone station was described by A.
K. Erlang [12] in 1909. The process of the telephone
station included the receipt and service of applications
from subscribers to switch communication channels with
other subscribers. The service of each application
consisted in connecting the subscriber — the source of the
application to the free channel of communication with the
required subscriber. After the end of the call, the channel
was released and could be used to service the next
request. The application that arrived at the telephone
station at the time when all channels were busy received a
denial of service. The moments of receipt of applications
and the end of their service were random.

The Erlang-developed model of the mass service
system of requests at the telephone station turned out to
be a universal tool for describing the processes of service
in different systems and in different fields of human
activity. Each of these areas and systems has its own
peculiarities, which led to the development of more
complex models and to the appearance of an independent
scientific direction — the queuing theory.

Currently, queuing system models are being actively
used for analysis, for predicting efficiency and for
optimizing decisions made in various areas. These include
the following areas: telecommunication networks [8, 13,
23, 25, 42, 43], socio-economic systems [11, 24],
production systems [2, 21, 32, 46] and logistic systems
[15, 34, 35], computing systems [5, 19], traffic
management systems [1, 4, 17, 37].

An interesting direction in the theory of queuing
systems is the construction of models with an infinite
number of devices, since it is these models that make it
possible to describe complex technical systems for which
the number of devices can be relatively large. For
example, L. Brown, N. Gans, A. Mandelbaum, and A.
Sakov [8] use such systems to simulate a call center in
which agents provide telephone services almost no
refusals. In such a company, customer service should start
immediately. Therefore, the number of working operators
should be large enough and should be monitored using the
appropriate model.
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Infinitely linear systems are also used as an
approximation for multiline systems in cases where the
probability of denial to service is negligible [14, 26, 27,
31, 36, 39].

At the initial stage, most studies of the queuing theory
were performed under the assumption that the incoming
flow of requests is the simplest [9, 40].

However, the development of computer and mobile
systems has led to the need to create new mathematical
models of requirements flows at the system input, which
are not Poisson or non-ordinary flows. This was the
reason for the increased interest in the study of systems
with more complex incoming flows. Systems with non-
Poisson flows were studied by such authors as G. P.
Klimov [20], G. Sh. Tsitsiashvili [44], P. P. Bocharov, A.
V. Pechinkin [6], A. N. Moiseev and A. A. Nazarov, [29],
S. P. Moiseeva [30], E. A. Doorn and A. A. Jages [10],
V. F. Matveev, V. G. Ushakov [28] and others.

So, in the book of Matveev V. F. and Ushakov V. G.
[28] was obtained generating function of the requirements
number in the system for which the incoming flow is a
superposition of independent flows with the same number
of requirements in packs. For non-Poisson input flows in
a system with an unlimited number of service channels
E. A. Doorn and A. A. Jagers [10] obtained estimates of
the variance for the number of busy servers.

Another important direction in the development of the
queuing theory is the study of the systems operation in the
conditions of the incoming flow, which includes groups
of requirements with previously unknown composition.
Thus, groups of motorcade cars can arrive at a gas station,
visitors can arrive at a roadside restaurant in groups at the
time of vehicles arrival, and the customers flow to the
hotel includes both single customers and groups of several
people, families for example. Such a flow is called non-
ordinary.

A description of queuing system models with non-
ordinary input flow can be found in works of A. A.
Shakhbazov [41], Jung-Shyr Wu and Jyh-Yeong Wang
[16], N. O. Kutselay and S. V. Safonov [22], O. Yu.
Bogoyavlenskaya [7], V. B. Monsik, A. A. Skrynnikov,
and A. U. Fedotov, in works of A. V. Pechinkin [33] and
A. G. Tatashev, M. Akhilgova, S. A. Shchebunyaev.

In the general case, the probabilities of states in
queuing systems M/M/n/m with a non-ordinary input
flow of requirements are described by Kolmogorov
differential equations.

The Kolmogorov equations, in the stationary state of
the queuing system, are transformed into a linearly
dependent system of algebraic equations. The final
probabilities of the queuing system states can be found by
numerically solving the system of algebraic equations
using the methods well known in linear algebra [45] —
complete exclusion, inverse matrix, Kramer determinants.
It should be noted that in this case the determinant of the
algebraic equations system is always zero. Therefore, it is
impossible to apply the Kramer determinant method
directly.
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One of the variants of the noted system algebraic
equations numerical solution is the well-known matrix
geometric method of Ramaswami [3]. This method is
characterized as a method for the analysis of quasi-birth-
death processes, continuous-time Markov chain whose
transition rate matrix has a repetitive block structure. In
this method, the final probabilities of the queuing system
states are found using numerical calculations of the
elements of the Neut’s rate matrix [38].

Analytical description of models is sometimes
possible to find for some performance indicators, as a
rule, for single-channel systems (N. O. Kutselay and S. V.
Safonov [22], O. Yu. Bogoyavlenskaya [7]) with a
specific composition of requirements in input flow groups
(V. B. Monsik, A. A. Skrynnikov, A. U. Fedotov and
A. V. Pechinkin [33]).

The search for regularities that could provide an
analytical description of the final probabilities in the
general case of a queuing system with a non-ordinary
input flow of requirements were engaged in A. A.
Shakhbazov [41], Jung-Shyr Wu and Jyh-Yeong Wang
[16]. In all the studies noted, it was concluded that the
final probabilities sought could ultimately be found only
by numerical methods for a specific flow structure.

One of the reasons for the lack of success in finding
an analytical description of the final probabilities is that
any change in the structure of the input flow of
requirements or in the queuing system leads to a change
in the composition and in the structure of the algebraic
equations system. The number of options that appear is
unlimited. Attempting to identify and describe regularities
of emerging changes is faced with the need to take into
account the enumerated set of combinations in the marked
conditions, which goes beyond the scope of analysis.

However, if numerical methods allow to obtain the
value of final probabilities for queuing systems M /M/n/m
with a limited number of service devices and with a
limited number of waiting places, then for a situation with
an unlimited number of them, for example, for a system
M_/M/n/eo, numerical methods are not suitable due to the
infinite number of algebraic equations.

In addition, the infinite number of variants of
combinations for the numerical values of the M, /M/n/m
system parameters makes it difficult to control the
operation of such systems in real time.

As a result, the relevance of the task of finding an
analytical description for the states final probabilities in

}\.2 }"2 7\‘2

Iy

A 1
G5 2 s el s
H 2p 3p

4

.-

queuing systems with a non-ordinary input flow of
requirements becomes obvious.

3 MATERIALS AND METHODS

In order to demonstrate the logic of obtaining an
analytical description of the final probabilities, let us
consider a relatively easily visible example for the
M,/M/n system (Fig. 1).

At the entrance of the My/M/n queuing system with
refusals, a non-ordinary flow is coming consisting of two
(L=2) partial flows with parameters A,=21a; and

}\,2 :7\.3.2.

The model’s graph is shown in Fig. 1 and can be
described by Kolmogorov differential equations system

3):
Po(t) =—=Apo(t) +upy(t);
Pr® =-A+kWp®+2Apy_ )+
+h Pk O+ (K+Dup (), 0<k<n;
Pr® =-nup O +Ap O+ A=A ) pPpra(®).

3

Let’s perform a sequential summation of the left and
right sides of the equations in the system (3), we get:

k k
2P =3 [~ +iwpi®+2pi (D) +
i=0 i=0

: “
AP+ A+Dppiy®], 0<k<n.
After identical transformations, the system of
equations (4) takes the form:
k
2 PO =—Kup+ iy +2) Py +AaPk2s 0<k<n.  (5)
i=0

For the conditions of the steady state from formulas
(5) we find:

_7\.1 +7\.2

Kpg (6)

Pkt +%pk_2, 0<k<n.

Let’s call a group of requirements as a request and
introduce the notation for the coefficients (p;, i=0;1) of

the system load by a part of the input flow of requests:

A+ A A
Po =12, P ==2 7
u u
Ao Ao
—
Ay I

XX Sn—l

k+Dp  (n-D)p

kp

Figure 1 — The model graph of queuing system M,/M/n with refusals
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Then we’ll write down the equation:

Kpx =poPk-1 +P1Pk-2,  O<k<n. ®)

For further reasoning, we recall the well-known
Erlang formulas [12] for the queuing system M/M/n with
refusals:

-1
k n oK |

p=F—po, k=L,..n; po=[ 22| ;5 p=—. (9
k! u

k=0 k!

We’ll seek the final probabilities p, of system states

in a form close to well-known Erlang formulas (9):

k
p
Py =—2po fy.

0<k<n.
k!

(10)

Substituting the formulas of the final probabilities (10)
into the expression (8), we get:

po ps”! P’
k o Po fk =Po m]pofklﬂh m}pofkr (11)

After equivalent transformations we obtain a recurrent
expression for the non-ordinary functions values:

fio="Fea+fia p—;(k -1).
Po

(12)

Then let’s find the expression for the probability of
the zero state using the probability normalization
condition, in which we substitute formulas (10), we
obtain:

To determine the value of the first non-ordinary
function ( f,), we substitute the value k=0 in formula

(10) and then we get:

Po="po-fo- (13)

From equation (13) follows the equality f,=1. The
value of the non-ordinary function ( f;) is found from

formula (12) with the valuek =1, we get:

[
fi=fia+ fio2xd-D=f. (14)
Po
Thus, forL=2 the first two non-ordinary functions
turned out to be equal to one unit: f, = f, =1. In this case,

the analytical expressions become definite for all the
desired final probabilities p), which make it possible to
consider the problem is solved.

In the general case, the input of the queuing system
receives a flow of groups of requirements, which consists
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of L partial flows with parametersi; =ia;,i=L...,L.
Then expressions (7) and (8) take the form:
1 L
pi=— 27\,], 0S|<L,
K j=1+i
kpk =poPk-1 +P1Pk2 +-FPk-1Po-

15)

After substitution (10) in (15) we get:

K Pl i
f = fi_ fusi—[[k=-D|; k=2,...,n;
k k1+2{k| —11( 1)1 n (16)

i=2 po j=l
f() = fl :1 .

In these conditions, for the general case of the M /M/n
queuing system with refusals, expressions of the final
probabilities (10) and (13) are retained, but in which
instead of the formula for the non-ordinary functions (12)
it is necessary to use formula (16).

To verify the correctness of the solution obtained,
we’ll find the value of non-ordinary functions f, for the

case of degeneration of a non-ordinary input flow of
requirements into the simplest flow:a; =1; a; =0, i>1.1In

this case, the parameters of the partial flows of requests
with two or more requirements are equal to zero
(Aj=2a;=0,i>1). Then, from formulas (9), (1) and (15)

it follows: py =p; p; =0;i>0.
Substituting the obtained values p; into formulas (12)
and (16), taking into account the equality f,=f, =1we

see that, the second term vanishes and formulas (12) and
(16) take the form:

szfk_lzl; k=1,..,n. (17)

As a result, the expression (10) for the final
probabilities is converted to the well-known Erlang
formulas (9). This result argues in favor of correctness of
the study and of the expressions obtained for the non-
ordinary functions (12), (16) and for final probabilities
(10) in the M;/M/n system with a non-ordinary input flow
and with refusals. At the same time, there are appearing
grounds to consider the Erlang M/M/n queuing system
model as a particular case of the M /M/n model.

The law of states’ probability distribution in a queuing
system allows finding calculation formulas for the
following characteristics: the mathematical expectation of
the busy devices number My,; the mathematical

expectation of the requirements number in groups MJi];
absolute system capacity (A); service probability ( Peyice )

and for service refusal probability ( Prefysal ):

n
Mpg =2 k-Py;

A=p-Mpgq:
“ (18)
Pservice = T; Prefusal =1 = Peervice’
. L . -
MI[il=>i-a; > I =2 -M[i]. (19)

i=1
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In the next step let’s consider the possibility of
obtaining analytical expressions for the final probabilities
of the queuing system with input flow of requirements
groups M /M/n/m and with m places to wait.

Direct application of Kolmogorov’s systems of
differential equations [45] and then their algebraic
analogues up to date has not allowed obtaining analytical
expressions for the final probabilities of states in a
queuing system with the input flow of requirements
groups and with the waiting of M /M/n/m

Therefore, we’ll first try to get analytical describing
the final probabilities for the system M,/M/n/m, then for
analytical describing the final probabilities in the systems
ML/M/n/m and M /M/n/co.

Let’s preserve all the conditions of the queuing system
operation and all designations presented earlier and in
relations (1) — (7).

Additionally, we note that if all n devices in the
system are occupied, then the next request gets in the
queue and can be served by the first released device. The
number of places in the queue is limited to m. If all places
in the queue are occupied, the requirement is denied in
service and it leaves the system. The marked graph of the
queuing system model My/M/n/m is shown in Fig. 2.

For the My/M/n/m queuing system (Fig. 2), the first
group of Kolmogorov differential equations (20)
corresponds to the absence of queue and coincides with
the considered case (10)—(16) of the queuing system with
refusals (Fig. 1).

The second group of Kolmogorov differential
equations (21) corresponds to the condition of having a
queue in the queuing system M,/M/n/m (Fig. 2). And in
all together, we get:

Pk =—A+kwp O +Apyg D)+

20

P ®+ K D@, 0<ksn; 20
Py == +nwP e O+A Ppy O+
APy O +NpP (D), O<y<m;

(21

Prem®==nppnim®O+A P pima O+
+A 2P nim-2 (t)

Let’s do the summation of the marked differential
equations (20) and (21).

YPi=3 -
i=0 i=0
AP O+ (A +Dppi®]+

A+TWPi O+ PO+

<

S

j=1

A+nWPpjO+A 1 Ppyja O+
(22)
AP j2 O +nUp ] O<y<m;

Prem®==Npuppim® +A ppimy O+
+A 2Pnim-2 (t)

The value of the first sum on the right-hand side of
equality (22) can be determined using expression (5) for

the conditionsK =n:

Zpl(t)_ Nupp+ Qg +iy)Pna+AaPns-
i=0

(23)

Then, after identical transformations, the system of
equations (22), for the conditions of stationary operation
of the queuing system M,/M/n/m (Fig. 2), takes the form:

O0==npPpy + A +25)Phoy i +05Pn 0, v=1.,m. (24
Equality (24) can be transformed taking into account
the introduced notation (7) of load factors:

nP :popn+y_1+plpn+y_2, 'Y:L...,m (25)

n+y

The expression for the final probabilities of states

Poiy> ¥=1.om will be sought in the following form:
n Y
nay =%[%°j Pofyys 7=l m;
(26)
Py pkO'POfk, 0<k<n.
After substituting formulas (26) into (25) and

performing equivalent transformations, we obtain a
recurrent expression for calculating the non-ordinary
functions:

p
friy = friya +_é'n' froy—2, v=L..m 27

Po

A
AR g

No queue
A
4 \ M
Zu np ny

Figure 2 — Graph of the M,/M/n/m queuing system model
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The probability of the zero state in the M,/M/n/m
model is found taking into account the probability
normalization condition and the chosen form of
representation of the final probabilities (26), we obtain:

n m
2Pkt 2 Py =15
k=0 y=l1

-1
n Ak N m Y
Spo=| 2Pl Lo [ Lo 28
Po [Eok! k+n!£ n n+y (28)
Thus, the analytical description of the final

probabilities for the queuing system M,/M/n/m with input
flow of requirements groups includes expressions (7),
(12), (26), (27), (28), where f,=f, =1. At the same time,

performance indicators can be found using expressions
(18) and (19). However, to get the mathematical
expectation of the busy devices number (M ) we can

use a more simple expression:

n
Mpg=n-2(n-K)py .
k=0

(29)

In the general case of M /M/n/m queuing system with
waiting, the input of QS receives a flow of requirements
groups, which consists of L partial flows with
parameters A; =Aa;,i=1,.,L. Then an expression (25)

takes the form:

=2
NPnpy = 2P Pmep)-1-j +
=0
n J (30)
+ 2Pk Puks  ¥=1.m.
k=0
After substitution (26) into (30) we get:
72 pi
fn” = f(n+Y)—1 + jzllfnw—l—j pji1 nJ1+
- 0
1 3D
Y=l n B
+n n.z fn—k{j}/;k, 0<Y§m-
Py k=0l po(n—k)!

In this general case of the M /M/n/m queuing system
with waiting, expressions of the final probabilities (26)
and (28) are retained.

For the case of M, /M/n/o queuing system with
waiting and with an infinite number of places to wait and
with (| < np ) there are no service refusals.

Absolute performance equals to intensity of input flow
of requirements (A=1). Then, to calculate the
probability of the zero state of the queuing system and the
mathematical expectation of the number of busy devices,
instead of formulas (28) and (29), we find:

-
n K

Mb.d:i; po:[n_LJ{Z{(n_k)'p_O' kU . (32)
il n) (k=0 k!

From formula (32) it follows that the condition for the
possible occurrence of a stationary mode in the queuing
system M| /M/n/w is the inequality:

I<(n-p). (33)

Inequality (33) determines the need to exceed the total
performance of service devices over the flow intensity of
the requirements at the system input. Otherwise, the
average queue length in the system will increase
indefinitely. All other formulas coincide with the
formulas previously noted.

4 EXPERIMENTS

To evaluate the performance of a queuing system with
refusals, the input flow of requirements groups sometimes
is replaced with the simplest flow and the Erlang model
M/M/n (9) is used.

Let’s consider the admissibility of such replacement
using the example of the M, /M/n queuing system with the
following  parameters: | =7 [requirements/minute];
n=7; L=8; a=1/L, i=1.,L; uzl[minute’l]. In
such a system, the total performance of service devices
coincides with the intensity of the input requirements flow
(1 =n-p). Therefore, in the case of deterministic input
flow, all requirements must be served. The marked graph
of the model is presented in Fig. 3.

Figure 3 — The model graph of queuing system M; /M/n with refusals (n=7; L=8)
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The probabilities of the model states (Fig. 3) in the
steady state are described by the formulas (1), (10), (13),
(15) and (16). These formulas we repeat for ease of
analysis:

L L
Mi=hap, i=lo,L; A=Y2i; 1=YiA;;
i=1 i=
L K
pl—l ijy 0<i<lL; pk—p—opofk,0<k<n,
Hjlhi k!
-1
K
Sp
po—{zk—ﬂka ; fo="1=1;
k=0 K'

5 RESULTS
Non-ordinary functions f, are described by formula
(16) in the case of an example (Fig. 3) will take the
following form:

fo=fi=l; f=fi+f2l@-1);
PG

fy=fh+ i G-n+{,P2G-nE-2):
Po Po

f=fy+ o 2h@-n+ f 22 @-n@-2)+
Po Po

+ 1 22 (4-n@-2)@-3);
Po

fo=forf; Plar £, 024351 22 4304
Po Po Po
DR PRSP R
Pd

fo=fs+fy Phoss 102004 1, P2 604
Po Po Po
+ £ 24120+ £, P2 120,
Po Po

fr=fo+ fs 2L+ 1, 2230+ £, 22120+
Po Po Po

+1,22.360+ £, 22720+ £, 2¢. 720,
Po Po Po

We use formulas (9) and estimate the probabilities
( px) of the system states and the probability of servicing

the requirements in the Erlang model for the conditions of
the simplest input requirements flow with the parameters
noted above (| =7 [requirements/minute]; p=1; n=7).
The calculated results of the final probabilities and
probabilities of requirements servicing in the M /M/n and
M/M/n queuing systems are presented in Table 1, Table 2
(No. 1-36) and on Fig. 4. From the quantitative estimates
(Table 1, Fig. 4a), we can draw the following conclusion.

6 DISCUSSION
The appearance of groups in the input requirements
flow of the same intensity changes the probability
distribution of the system states (Table 1 No. 27-34) and
leads to a decrease in the probability of service (Table 1
No. 36 Peepyice gr = 0.547) compared with the probability

of service in the Erlang model (Tablel No. 37-44 and
Table 1 No. 45 Psepyice er =0.751).

The influence of the requirements groups’
composition on the changes in the final probabilities is
concentrated in values of the multiplicative (10) non-
ordinary functions (16) (Table 1 No.19-26). The noted
discrepancies are increasing significantly with an increase
in the maximum number of requirements in groups
(Table 2, No. 4, No. 28-34, Fig. 4b). At the same time,
the non-ordinary functions (Table 2 No. 19-26) allow
taking into account changes in the probabilities of the
queuing system states and can be increased up to values
of 10° and more (Table 2 No. 26).

We watch, that an increasing in the mathematical
expectation of the requirements number in groups
(Table 2 No. 37-45, Fig. 5) leads to an asymptotic
tending to zero of the requirements servicing probability.

In the natural environment, an analogue of such
processes can be the interaction of a group of predators
(service devices) with large groups of victims — grass-
feeding animals on land or fish in the sea.

Table 1 — Evaluation of the influence of requirements groups in the input flow on the state’s probabilities
in the queuing system (see Fig. 3. Fig. 4a)

Model M, /M/n (names and values of model parameters) Model M/M/n

# | Name Value # | Name Value # | Name Value # | Name Value # | Name Value

1 n 7 10| M[i] 451 19 fy 1| 28 P, 0.105| 37 Py 0.002
2 n 1 11 Po 1.556| 20 f) 1] 29 P, 0.128] 38 P, 0.011
3 | 7 12 P1 1.361] 21 f, 1.56| 30 P, 0.141] 39 P, 0.037
4 L 8 13 P2 1.167] 22 fs 3311 31 P, 0.145] 40 Py 0.087
5 A 1.556| 14 P3 0.972| 23 fy 8.8 32 Ps 0.144| 41 P, 0.152
6 a 0.125] 15 Pa 0.778 | 24 fs 28.1] 33 Pg 0.139] 42 Ps 0.213
7 i 0.194] 16 Ps 0.583| 25 fo 104| 34 P, 0.129] 43 Ps 0.249
8 |p=l/pn 7 17 Ps 0.389| 26 f; 437| 35| Mg 526| 44 P, 0.249
9 [l/np 1 18 p7 0.194| 27 Py 0.068 | 36| Peerver 0.547| 45| Py 0.751
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Table 2 — Estimation of the tendency in the probabilities of states in the queuing system M, /M/n and the probability Pgi.. of the
requirements servicing with an increase in the maximum number of requirements L in groups of input flow (see Fig. 4b. Fig. 5)

Calculation of the state’s probabilities in QS M /M/n (see Fig. 4 b) Peerv.e=f(M[i]) (see Fig. 5)
# | Name |Value | # |Name |Value | # [Name |Value |# [Name |Value|#|L| & Ai IMIi]|Pserv.er|
1l n 7[10{M[i] 18]19] fo 1{28] P, 0.16)37| 1 1 7 110.751
2] w 1111] po 0.3920] f 1{29] P, 0.11]38| 5| 0.2 2.333 3/0.618
3 | 712 py 0.38[21| f, 3.86{30| Ps 0.09]39(10] 0.1 1.273| 5.5|0.507
4] L 35 [13] p» 0.37|22| f5 259(31| Py 0.07]40(15]0.067 0.875 8]0.429
5| A 0.39(14] ps 0.36/23| f4 247|32| Ps 0.06]41(20] 0.05 0.667|10.5|0.371
6/a=1/L|0.0286[15| p, 0.34|24| f; 3066|33| Ps 0.05]42(25] 0.04 0.538| 13]0.327
70 M |0.0111[16] ps 0.33125| fs 46746|34| P, 0.05]43(30]0.033 0.452|15.5|0.293
8| I/u 7117] pe 0.32126| f; | 845472|35| Myq 1.69]44(35]0.029 0.389| 18]0.265
9| I/nu 1118 py 0.31{27| Py 0.41|36| Psr, | 0.27]45[40]0.025 0.341/20.5|0.242
Pk MyM/n QS with regard to Pk M3s/M/n QS with regard to
0.3~ groups of requirements 0.57 groups of requirements -

Erlang M/M/n ‘."'1“.” 0.4 / Erlang M/M/n QS

021\ Q8 4= 0.3 \
\ o 0.2

0.1

0 1 2 3 4 5 6 7k 0 1 2 3 4 56 7k

Figure 4 — Probabilities Py of the states of the same queuing system — without taking into account the groups of requirements in the
input flow (Erlang model M/M/n) and — taking into account the groups of requirements in the composition of the real input flow with
at the same intensity | =7 [requirements/minute] (n=7; p=1 [minute ']; Peervice Erlang = 0.751)

Pservice

0.7
0.5
0.3

e
0.1 .~ ——

0.0

—
o

20 40 60 80

MIi]

Figure 5 — The change in the probability of service (Pgice) in the queuing system M, /M/n with constant flow intensity of groups of
requirements (I =7 requirements/minute; n=7; p=1 [minute ']; a=1/L) and with increasing mathematical expectation M[i] of the
number of requirements in groups

The increase in the number of victims reduces the
probability of their death (service), which can be
evaluated within the model M, /M/n.

The considered features determine the need to take
into account the composition of groups in the input flow
of requirements when making assessments and when
managing the corresponding queuing systems.

CONCLUSIONS
In the course of solving an actual scientific problem,
analytical expressions were first obtained for the final
state probabilities in M;/M/n queuing systems with

© Gorodnov V. P., 2019
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refusals, as well as with limited M /M/n/m and with
unlimited M/M/n/c number of places to wait in the
conditions of input flows of requirements groups with a
random number of requirements in groups.

The scientific novelty of obtained results consists in
creating possibilities for predicting the efficiency of three
types of Markov queuing systems with an input flow of
requirements groups with random requirements number in
groups. At the same time, the well-known Markov models
of servicing the simplest flow of requirements turned out
to be a particular case of the considered models with an
input flow of groups of requirements. In new formulas, all
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the features of servicing groups of requirements are
localized in recurrent expressions for non-ordinary
functions.

The practical significance of obtained results
consists in creating conditions for the directed solution of
problems of analysis, synthesis and control of Markov
queuing systems in the general case of an input flow of
requirements groups with a random number of
requirements in groups. The obtained formulas for
calculating the values of the non-ordinary functions are
recurrent and convenient for practical calculations. The
numerical values of these functions clearly show the
deformation of the state’s final probabilities in queuing
systems with an input flow of requirements groups
compared to the known queuing systems with the
simplest input flow of requirements.

Prospects for further research may include building
models of queuing systems of requirements groups with
the departure of requirements from the queue of queuing
systems and models of systems with incomplete
availability of service devices. Each of these systems is an
actual model of real systems in the economy, in medicine,
in modern communication systems and in other areas.
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AHAJITAYHUAN OIAC ®THAJBHAX IMOBIPHOCTEM CTAHIB CUCTEM MACOBOI'O
OBCJIYT'OBYBAHHA 3 BXIJIHUM IOTOKOM I'PYII BUMOI'

T'opoanoB B. II. — n-p BiiicekoBux Hayk, npodecop, mpodecop Hamionamsroi akamemii HamiomampHol rBapaii Ykpaiuu,
XapkiB, YkpaiHa.

AHOTAIIA

AKTyalnbHicTh. PO3IIISIHYTO TpH THIIM CHCTEM MacoBOrO OOCIYTrOBYBaHHS: 3 BiIMOBaMH, 3 OOMEXEHOIO i 3 HEOOMEXEHOIO
KIUJIBKICTIO MICIb ISl OYIKYBaHHS B YMOBaxX BXIJHOTO IIOTOKY IpYIl BUMOT BHIIQJKOBOTO ckiamy. OO’€KTOM HOCIIDKEHHS Oyin
MapKOBCbKM MOJENI 3a3Ha4eHHX CHUCTEM MAacoBOro 00CIyroByBaHHs. Mera poOOTH — 3HAWTH aHANITHYHUKA OmMUC (iHATBHHX
HMOBIpHOCTEI, 1110 JO3BOJISIE BUPIIIYBaTH 3aBIaHHs IPOrHO3Y e()eKTHBHOCTI, aHAJI3Y 1 CHHTE3y MapaMeTpiB 3a3HaYCHHUX CHCTEM.

Merton. /g nomyky ¢iHanbHUX HMOBIPHOCTEH BHKOPHUCTAHUI METOJ €KBIBaJICHTHHX MEPETBOPEHb CUCTEM JIHIMHO 3aJIe)KHUX
anreOpaiyHuX PiBHSAHb, OTPUMAHUX TPAHWYHUM IEPEX0J0M 3 AudepeHmialbHuX piBHIHb KOIMOropoBa, 10 OMUCYIOTh KOXKHY 3
CHCTEM MacoOBOT0 OOCIyroByBaHHs. IT0Ka3aHO, II0 METOIHM YHCEJIBHOTO PIllICHHS, SKi BUKOPHCTOBYIOTHCS, 3aCHOBaHI HAa TOYHHX
3HAYEHHSX YHCJIOBUX MapaMeTpiB yMOB poOOTH cucTeM. Taki mapaMeTpH BIANOBIOAaIOTH KaTeropii Oe3HepepBHUX BHIIAJKOBHX
BEJIMYMH, TOYHI 3HAYCHHS SKHX MOXKHA TEPeIOa4YUTH 3 BIPOTIAHICTIO CTPOTO PIBHOK HYJIIO, IO POOUTH YUCETBHUI PO3B’A30K
1030aBJICHUM HPOTHOCTHYHHX BJIACTUBOCTEH 1 HE MPHAATHUM JUIs TIPAKTHKH aHAJi3y, CHHTE3y 1 yIpaBiiHHS POOOTO 3a3HaYEHUX
cucrteM obcimyroByBanHsa. KpiM Toro, B cucreMax OOCIyroByBaHHsS 3 HEOOMEKEHHM YHCIOM MiCIb Ul OYiKyBaHHS KiJTbKiCTh
PIBHSIHb HE OOMEXEHa, 110 BUKIIIOUAE MOXKIIUBICTD X YHCETBHOTO PillICHHSI.

PesyabTatn. KopekTHicTh 3HalileHMX aHANITHYHAX BHUPa3iB (iHAJBHUX HMOBIPHOCTEH A CTaHIB TPHOX THIIIB CHCTEM
MacoBOT0 00CIIyrOByBaHHS TMEPEBipeHa IIISIXOM BUPOHKEHHS MMOTOKY TPYI BUMOT Ha BXOZ1 KOXKHOI CUCTEMH B HAUIPOCTIMINIA MOTIK
BUMOT. Y BCIX BHIIAJIKaX BHPAKEHHSI AaBTOMATHYHO NEPEXONWiIN B AoOpe Bimomi QopMyim Ui cuUCTeM OOCIyrOBYyBaHHS
HaWMpPOCTILIOro MOTOKY BUMOr. HaBeaeHO NPHKIaA pO3paxyHKIB, sSKMH BIIEpLIC YHCEIBHO IEMOHCTpYe (i3HYHHN 3MICT 3MiH B
po6oTi cucTeM 00CITyTOBYBaHHS IIPH IOSIBI TPYII BUMOT B CKJIa/{i BXiJHOTO TIOTOKY.
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BucHoBku. J[o TenepimHboro 4acy crpoOu OMHCY CHCTEM MacoBOrO 0OCIYroBYBaHHs 3 BXiJHHMM IIOTOKOM I'pyIl BUMOT BiJOMi
TITBKU JUISL OMMHUYHUX OKPEMUX BHIAJKIB CTPYKTYPH CHCTEMH i CTPYKTYPH BXIJHOTO IOTOKY. PO3IUIsIHYTHI METOX i pe3ysbTaTu
MICTSITh TOBHUN aHANITHYHUN omuc (iHATBPHUX HWMOBIPHOCTEH CTaHIB Ui ILIJIOTO KJIacy CHCTEM MAacOBOTO OOCIYrOBYBaHHS 3
BXiJIHUM MOTOKOM T'PyIl BUMOT: CUCTEM 3 BiZIMOBaMH, 3 0OMEKEHHUM YHCIOM MICIb JUIsl O4iKyBaHHS 1 3 HECKIHYEHHUM YHCIIOM MiCIlb
Juis ovikyBaHHA. Lli pe3ynbTaTi BigKpUBAIOTh MOMIIHBICTD MPOTHO3Y €(EKTUBHOCTI CHCTEM MAacOBOTO OOCIIyrOBYBAaHH B Jliarna3oHi
YMOB 1 I03BOJIIIOTH BBJKATH IOCTABICHY METY JOCIIDKEHHS — OCSATHY TOIO.

KJIFOYOBI CJIOBA: mozeni MapkoBa, cHCTeMH MAaCOBOTO 0OCITYTOBYBaHHSI, TPYIIH BUMOT.

YK 519.872
AHAJIUTUYECKOE OITUCAHUE ®UHAJIBHBIX BEPOSATHOCTEN COCTOSTHUM CUCTEM
MACCOBOI'O OBCJIYKUBAHUSA C BXOAHBIM IIOTOKOM I'PYIIII TPEBOBAHUHA

I'opoanos B. Il. — 1-p BoeHHbIX Hayk, podeccop, npodeccop HaunonanbHoi akanemin HaunoHanbHOM rBapani YKpauHsl,
XapbKoB, YKpauHa.

AHHOTAIUSA

AKTya/lbHOCTb. PaccMOTpeHBI TpPH THIA CHCTEM MAacCOBOTO OOCITY)KHBAHHSA: C OTKa3aMH, C OIPAaHHYEHHBIM U C
HEOTPAaHWYIEHHBIM KOJIIMYECTBOM MECT IJISI OXHAAHMSA B YCIOBHSIX BXOAHOTO IOTOKAa TPyHI TpeOOBaHMIl CIIy4alfHOTO COCTaBa.
OOBEKTOM HCCIIeIOBaHNUS SIBISUINCH MApPKOBCKHE MOJETH OTMEUEHHBIX CHCTEM MaccoBOTrO ooOciyxwBaHus. Llens paboTel — HaiiTi
AQHAINTHYECKOE ONHMCAHHE (QHMHAIBHBIX BEPOSTHOCTEH, MO3BOJIAIONIEE PENIaTh 3aJa4l MPOrHo3a 3P HEeKTHBHOCTH, aHATIN3A M CHHTE3a
NapaMeTpPOB OTMEUYEHHBIX CHCTEM.

Metoa. [l mowcka (UHAIBHBIX BEPOSTHOCTEH HCIIOIB30BaH METO]| SKBHBAJICHTHBIX NPeoOpa3oBaHUIl CHCTEM JIMHEHHO
3aBHCHMBIX aIreOpandecKuX ypaBHEHHMH, MOIyUeHHBIX MpeJeIbHbIM IepexonoM u3 auddepeHnnanbHbIx ypaBHeHuii Konvoroposa,
OMHUCHIBAIOIUX KXyl W3 CUCTEM MaccoBoro obcmyskuBaHMs. IlokazaHO, YTO HCIOIB3yEeMBIE METOJbI YHCIEHHOTO PEIIEHHUS
OCHOBAaHBI Ha TOYHBIX 3HAYCHUSX YHCIOBBIX MapaMETPOB ycloBuil paboThl cucteM. Takue mapameTpbl COOTBETCTBYIOT KaT€rOPHU
HETIPEPBIBHBIX CIyJaifHBIX BEIWYMH, TOYHBIC 3HAUEHUS] KOTOPBIX MOXHO MPEIBUJIETH C BEPOSTHOCTHIO CTPOTO PAaBHOW HYIIO, UTO
JeTaeT YHCICHHOE pEeHIeHHEe JMIIEHHBIM INPOTHOCTHYECKMX CBOWCTB M HE IPUTOJHBIM JUIS TIPAKTHKH AaHalN3a, CHHTE3a U
yTpaBiIeHHs: paboTOH OTMEYEHHBIX CHCTeM oOciykuBaHHs. Kpome Toro, B cucreMax OOCTyKHBaHHS C HEOTPAaHHYECHHBIM UHCIIOM
MECT AJIs1 O’KU/IaHKs KOJIMUECTBO YPAaBHEHUI HE OTpaHUUEHO, YTO UCKII0YAEeT BO3MOKHOCTh UX YUCICHHOTO PELICHUSL.

Pe3yabTaThl. KOoppeKTHOCTD HalIEHHBIX aHAJTUTHYECKUX BBIPAKCHUI (UHAIBHBIX BEPOSTHOCTEH IS COCTOSIHUH TpeX THIIOB
CHCTEM MacCOBOTO OOCIy’)KMBaHHUs IIPOBEPEHa IyTEM BBIPOXKIECHHS IOTOKAa Ipynn TpeGOBaHMI Ha BXOJE KaXIOH CHCTEMBbI B
NpoCTeHIINi MoTOK TpeGoBaHUil. Bo Beex cilydasix BhIpa)KeHHs aBTOMATHYECKH IEPEXOIMIM B XOPOILIO W3BECTHBIC (hOPMYJIBI s
CHCTEM OOCIYXMBaHUs MPOCTEHIIEro MOTOKa TpeboBaHMid. [IpuBeneH mpumep pacueToB, BIEPBBIE YHCIEHHO AEMOHCTPHPYIOLIUN
(u3udecKuii CMBICT H3MEHEHHUH B paboTe cHCTeM 00CITy KUBAHHS IIPH TOSBICHUH TP TPeOOBAaHMI B COCTaBE BXOJHOTO ITOTOKA.

BoiBoabl. Jlo HACTOSIIETO BPEMEHM IIONBITKH ONHCAHHSA CHCTEM MAaCCOBOTO OOCIY’KMBAHUSI C BXOJHBIM IIOTOKOM TpPYIII
TpeOOBaHMH W3BECTHBI TOJNBKO JUI EOWHWYHBIX YaCTHBIX CIIydaeB CTPYKTYPBI CHCTEMBI M CTPYKTypHl BXOJHOTO IIOTOKA.
PaccMOTpeHHBIH METON M pe3yNbTAaTHl COAEPKAT IIOJHOE AaHATUTHIECKOE OIMCAaHHE (MHAIBHBIX BEPOSTHOCTEH COCTOSHUH IS
LIEJIOr0 KJIacca CUCTEM MAacCOBOTO OOCITY>KMBaHMS C BXOZHBIM ITOTOKOM TIPYIIT TPEOOBAHMIA: CHCTEM C OTKa3aMH, C OTPaHWYEHHBIM
YHCIIOM MECT I OKHJIAHUS U ¢ OECKOHEYHBIM YHCJIOM MECT JUIS OKHJAHUsL. DTH PEe3yJIbTaThl OTKPHIBAIOT BO3MOXKHOCTH IPOTHO3a
5(Q(}EKTUBHOCTH CHUCTEM MAacCcOBOrO OOCIY)XMBaHUS B JHMANa30HE YCIOBUH M MO3BOJIIOT CUMTATh IIOCTaBJICHHYIO LEJb
HCCIIEA0BAHUS — JOCTUTHYTOM.

KJIFOYEBBIE CJIOBA: MapKOBCKHE MOJENH, CHCTEMBI MaCCOBOTO OOCITYKHBAHUSI, TPYIIIBI TPEOOBAHHH.
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VJIK 51-77

MATEMATHYECKHUE METOAbI U MOJAEJIN U3YYEHUSA KOPPYIILINHN
B OPTAHU3AIIMOHHBIX CUCTEMAX

JleBun B. . — n-p TexH. HayK, mpodeccop, OTaeN HaAyIHBIX HccieqoBaHui [IeH3eHCKOro TOCYJapCTBEHHOTO TeX-
HOJIOTMYECKOT0 YH-Ta, [lensa, Poccust.

AHHOTAIUA

AKTyansHOCTB. B nponecce QyHKIMOHUPOBAHUS Pa3IMUHbIX OPTaHM3ALMOHHBIX 3KCIIEPTHBIX CHCTEM — SKOHOMUUYECKHX, COLU-
QJIbHBIX, BOCHI3UPOBAHHBIX — BO3HUKAET 3a/a4a 0OHApY KEHMs, TOKAIH3AUN ¥ U3MEPEHHs YPOBHS KOPPYIIHH B CUCTeMe. DTH 3a/1a-
YM PEemIaloT Ha OCHOBE Pa3HOOOPAa3HBIX JAHHBIX, MOITYyYaeMbIX B XOA€ HaONIOAEHHUI U KCIEPHIMEHTOB Haj cucTteMoil. OqHako enu-
HOH MeTOIUKH 00paboTKH NMH(OPMAIHH ¢ HEIbI0 PEIICHUs YKa3aHHbIX 3aJad He CyIecTByeT. B pabore mpemioskeHa Takast METOH-
Ka, OCHOBaHHAasl Ha CPAaBHEHUH OIEHOK OJHUX U TeX K€ MOKa3aTelsiel OIeHMBAeMBIX 00BEKTOB, 1aBAEMBIX Pa3IMIHBIMH KCIIEPTAMH.

Henn craThu. Lenbto craThy sBiseTcs pa3zpaboTKa HOIHOCTHIO (OPMaIM30BAHHOTO METO/la OOHAPYKEHUs], JTIOKAIU3ALUH U U3-
MEpEHUsI yPOBHS KOPPYILUH B OPraHW3allMOHHON CHCTEME, COCTOSIIIEeH M3 IKCIIEPTOB, HA OCHOBE OLICHOK, JaBAaeMbIX OOBEKTaM.

Mertona. IIpeiokeHHbIN B CTaTbe METOJL 3aK/II0UAETCS B NIPEACTABICHUN OPraHU3allMOHHON CUCTEMBI U3 m HKCIEPTOB, MPOBO-

JIe skcnepTu3y o0beKTa ¢ 71 I10Ka3aTessIMU, IIOCPEICTBOM (m X n) -MaTpULbl B = "bﬁ " 3neck b j — OLCHKA, NaHHAs [ -M 9KC-

NepTOM j-My IMoKazaTento oobekra. [Ipu 9ToM crcTeMe ¢ uaeanbHbIMH (HEKOPPYMIIMPOBAHHBIMH) SKCIIEPTAMH COOTBETCTBYET Mat-
puna B ¢ paBHBIMHU 3JIEMEHTaMH B JIIOOOM CTOJIOIE M, COOTBETCTBEHHO 3TOMY, C COBIAJAIOIMMHU CTPOKaMu. B cucreme ¢ Henpneans-
HBIMH (KOPPYMIIHPOBaHHBIMH) HKCIIEPTaMH MaTpHuia B He o0agaeT TakuM CBOMCTBOM. DTO MO3BOJISIET BBECTH IOKa3aTeib abco-
JIFOTHOTO YPOBHS KOPPYIIMH B CHCTEME KaK CyMMY PacCTOSHUI MEX/Ly pe3yIbTaTaMH 3KCIIEPTU3BI y PA3IMYHBIX SKCIEPTOB.
Pesyabrar. [TonydeHo ofliee aHATUTHYECKOE BBIPAKEHUE MOKa3aTess aOCONOTHOTO YPOBHS KOPPYIIUMH B CHCTEMax C MPOM3-
BOJBHBIMH B,m ¥ n . HaliieHo MakcuMasHOE BO3MOXKHOE 3HaUEHHE ATOTO MOKa3aTens. JlaH anroputM oOHapysKeHUsI KOPPYIIIUU B

OpTaHM3alMOHHEIX CHCTEMaX, OCHOBAHHBIH HAa CPABHCHUH BEIYHCICHHOTO a0COTIOTHOTO YPOBHS KOPPYIIIIUH U €0 MPEeIeNIbHO JOITyC-
THUMOTO ypoBHs. Pemena taxke 3a1aua 0OHapyKEHHsT KOPPYILMH B CIIOKHOM CHCTEME, IJIe 9KCIIEPTH3Y MPOXOAAT OOBEKTHI C HECKOIIb-
KHUMH ToKa3atesiMu. [IpuBeneHb! mpuMepsl 0OHAPYKEHNS U H3MEPEHUs KOPPYIIINH B PealbHBIX 3KCIEPTHBIX CUCTEMAX.

BeiBoabl. [Ipemnoxen HOBBII MOAXOJ K MAaTEMAaTHIECKOMY MOJIEIMPOBAHHIIO KOPPYNIMOHHBIX MPOIECCOB B OPTaHM3aIlIOHHBIX JKC-
TIEPTHBIX CHCTEMaX, OCHOBAHHBIHM Ha MCIOJIL30BAHUI MaTPHIBI OIIEHOK Pa3INYHEIX MTOKa3aTeNel OleHNBAaeMbIX 00BEKTOB Pa3IMIHBIMA
9KCNIEPTaMH CHUCTEMBL. DTOT MOAXO/, B OTJIMUHUE OT CIOXKUBIIEHCS IPAKTUKY, 103BOJISIET TOJXOUTH OJUHAKOBO K PELICHHIO Pa3InuHbIX
3a/1a4 U3y4eHHsT KOPPYMIMH B CUCTEMAX 3TOro THma. TakoBbl 3aa4u 0OHAPY>KEHHs, JIOKAJIM3allUK U U3MepeHus koppymimu. Hampas-
JICHUE B LIEJIOM IIPEAI0KEHO Ha3bIBaTh KOPPYMETPUCH.

KJUIFOYEBBIE CJIOBA: koppymnisi; MaTeMaTH4YecKoe MOJCINPOBaHKe; 0OHApY)KeHNE, JTIOKAIH3ALMI U H3MEPEHHE KOPPYIILUH;
OpraHU3allHOHHAs CHCTEMA; IKCIIEPTH3A.

HOMEHKJIATYPA
B — (m x n) -MaTpuLa 3KCIIEPTHBIX OLEHOK;

BBE/IEHUE
[TpoGnema KOppynuuu sIBIsSETCS OJHOW M3 Hamboiee
CTapbIX U HE PEIICHHBIX J0 CUX HOp MpobieM OOIBIINHCT-
Ba pa3BUTHIX cTpaH. 11 Poccun oHa He HOBOCTB. JlocTaTou-
HO BCIIOMHHUTH MHOTOUYHCIICHHBIE PYyCCKHE MOCIOBHIIB Ha
JAHHYIO TeMy, XOTs Obl Takyio: «He moamaxens — He 1o-

M — YUCIIO YKCIIEPTOB;
71 — YHUCJIO [TOKAa3aTelled OLEHNBAEMOIO OOBEKTA;
b; — 9KCIIepTHAs OLICHKA { -M KCIIEPTOM j-TO MOKa3a-

Tes 00BEKTA,

A o~ MHOYKECTBO BO3MOYKHBIX 3HAUCHUI j -TO TIOKa3are-

11 00BEKTA;

K — moxa3zaTenb aOCONIOTHOTO YPOBHSI KOPPYIIIHH B
CHCTEME IKCIICPTOB;

K

3arenst K
k — moxazarenb OTHOCUTENIBHOTO YPOBHS KOpPYNLUU
B CHCTEME JKCIIEPTOB;

b; p — CPENHSS IO BCEM 7 [IOKA3aTENsM OLCHKA 00b-

max — MaKCHMaJIbHO€ BO3MOXHOC 3HAa4YCHUC IIOKa-

€KTa, laBaeMast i -M SKCIEPTOM;
O — OTHOCHTENIFHOE PacX0XKJEHUE MEXIYy CPeIHHUMHU
OLICHKAMHU 00BEKTa, TABaeMBIMH ¢-M U r-M DKCIEPTaMHu;
k, — moporoBoe 3HAUCHHE MOKa3aTeNs K , TIpeBbIIIe-
HHE KOTOPOTO TPAKTYeTCsl KaK CBUIECTENHCTBO HAIUYMS
KOPPYIILIMH B CHCTEME.
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enens!». Ho mMeHHO B Harre BpeMsi 3Ta mpooiiemMa Iproo-
pena ocoOeHHO OOIBIION pa3mMax W ocTpoTy. Ilo MHEHHIO
MHOTHUX CIICIUAINCTOB, OHA SBJISETCS OJHOM U3 INIaBHBIX
po06JieM, KOTOPbIE JOHKHBI OBITh PELIEHBI TOCYAaPCTBOM.
OpHaxo, Ha Halll B3MVIL, 3TO HE TOJIBKO IJIaBEHCTBYIOIIAS,
HO U IepBooUepeaHas mpobiaema coBpeMeHHoil Poccun, ¢
pElIeHHsT KOTOPOi HYXKHO HauMHaTh. be3 atoro mobkie pe-
(hOopMBI 1 IPOEKTHI IPABUTEIHCTBA OOpEUEHBI Ha HEyIauy,
MIOCKOJIbKY TpeOYIOIIrecs Ha HUX BJIOYKEHUS] HOBBIX CHIJI U
CpEJICTB Ha Jielie TIPUBOJIIT JIMIIb K JaJIbHEHIIIeMy paciu-
PEHHUIO «KOPPYIIMOHHOTO MoJis». [lonoXeHne oueHs cepb-
€3HO, TaK KaK HapacTaromas BOJIHa KOPPYILHH B CTpaHe
MOXXET MPUBECTH, B KOHIIE KOHIIOB, K OOJIBIIION HECTAOMITh-
HOCTH, a 3aTeM K pa3pyIIeHNI0 POCCHICKOT0 rOCyAapCTBa.
1 n3ydeHus SABJICHUSA KOPPYILUU NPUMEHSIOTCS Ca-
Mble pa3HOOOpa3HbIe METO/BL. DTO MO3BOJISIET pelaTh pas-
JIMYHBIC TIPAKTHYECKHE 3a/1auH, CBSI3aHHBIC C 3THM SIBJICHHU-
eM. BaxHeWmmmu n3 3TUX 3a/1a4 SBISIIOTCS 00HapY)KEeHHE
KOPPYIILHUH, U3MEPEHUE €€ YPOBHS, a TaKKe €€ JIOKaIn3a-
1ust. IMEHHO 5THM 3a/1adaM MOCBSIIEHA JaHHAS CTaThs.
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AKTYaJIbHOCTB TIPOBEICHHON paboThl 1y uHbOpMa-
THKH M yIPABJICHUS OPraHU3allMOHHBIME CUCTEMaMH CBSI-
3aHa C TEM, YTO KOPPYIIMOHHBIC IMPOLECCHl B CHCTEMax
niproOpeny OOJBIION pa3Max M CTallk yrpo30i 0OIIecTBY.

O0beKTOM HCCIe0BAHUA CTaThbH SBISIIOTCS KOPPYI-
LIMOHHBIE TPOLECCHl B OPTaHU3AIMOHHBIX CHCTEMax, CO-
CTOSIIIMX M3 HKCIEPTOB, MPHHUMAIOLINX KOJUICKTUBHBIC pe-
IICHHS O COCTOSTHUH OJJHOTO MJIM HECKOJBKHX OOBEKTOB.

IIpenveToM mcc/ieIOBaHUSA SBISIFOTCS MaTeMaTHye-
CKHE METOJIbl, IO3BOJISAIONINE OOHAPY)KUTH KOPPYIILHIO B
OPraHU3aLMOHHBIX CUCTEMaX YKa3aHHOTO THIIA, U3MEPHTh
€¢ YpOBEHb, JIOKAJIM30BaTh €€ MECTOHAXOXKICHHE.

Heabio ncciienoBaHus SBJISIOTCS aBTOMATU3AIUS U
YIPOIIEHHE MTPOLIECCOB OOPHOBI C KOPPYIIHEH B OpraHu-
3al[HIOHHBIX CUCTEMaX.

1 IOCTAHOBKA 3AJTAYN

Tenepp nmamuM Qopmanu3oBaHHYIO TOCTAHOBKY JABYX
OCHOBHBIX 337a4 HayKH Koppymerpuu. 3amada 1: paspa-
00TKa MaTeMaTHYECKON MOJENIN M METOAA, MO3BOJISIOMINX
o uMerolIeiics: nHdopmalmu o paboTe opraHu3alMOHHON
CHCTEMBI OOHAPYKHUTh (DAKT HAIMYMS KOPPYNIUU B HEH.
3amaua 2: pa3paboTka MaTeMaTHUECKOI MOEIH U METO/a,
MO3BOJLIIOIIMX M0 UMEIOIICHCS MH(pOpMAITHKA 0 PaboTe Op-
TaHU3ALIMOHHON CUCTEMBI U3MEPUTh YPOBEHb KOPPYIILIUU B
Hel. 3agady 1 HazoBeM 3asaueii oOHapyeHus (MaeHTH( Y-
Kalliu) KOppYNLUH, 3aaady 2 — 3aj1aueid u3MepeHus (aHa-
JM3a) KOPPYILHUH.

Janee B cTaThe paccMaTpPHBAIOTCS OpraHU3AIMOHHBIC
CUCTEMBI, COCTOSIIIME U3 FKCIEPTOB. Kaxknplil sKcrepT op-
TaHW3aIMOHHOW CHCTEMBI (DYHKIHMOHHPYET Ha OCHOBE KO-
JIMYECTBEHHBIX M/MJIM KaUECTBEHHBIX OIIEHOK, KOTOPBIC OH
JlaeT 00bEKTaM CBOCH HeATeabHOCTH. JlaBaeMble OLICHKHU
Pa3INYHBIX OOBEKTOB SIBISIOTCS SKCIEPTHBIMH, T.€. 3aBH-
CSIIIIMH OT YPOBHS KBAJIM(DMKALINH, YECTHOCTH, JOOPOCOBE-
CTHOCTH, HE3aBUCHUMOCTH CJIy’KEOHOTO TIOBEIICHUSI U HEKO-
TOPBIX JPYTHX Ka4ecTB KOHKPETHOro dKkcnepTa. OHako Ham
HIOHSITHO, YTO Pa3HbIe DKCIIEPTHI, HO 00Nanalonye B BbIC-
miell CTereHNn BCeMU YKa3aHHBIMH KadecTBaMH, OyIyT Ha-
3HaYaTh OINHAKOBBIC OLICHKH OJTHOMY U TOMY K€ OOBEKTY.
OTy HAeanbHyI0 CUTYalUIo MIPUMEM 32 «TOYKY OTCUETa.
B peanpHOCTH 3KCIEPTHI MOTYT OBITH MAJIOKBATHU(UIIPO-
BAaHHBIMH, HEAOCTATOYHO YECTHBIMU M JIOOPOCOBECTHBIMH,
3aBHCHMBIMH B CBOEM CIIY>)KEOHOM IIOBEICHHH OT APYTHX
ymu. IIpu 3TOM pasHble 3KCHEPTH! JAIOT Pa3INYHbIC OLCH-
KW OJJHOMY ¥ TOMY € OOBEKTY, 9YTO 00OyCIIOBIICHO NX HEKBa-
JTMGUIMPOBAHHOCTBIO WM (TOpa3zo yaile) cyry0o JIMYHbI-
MU KOPBICTHBIMU MHTEPECAMU, B KOTOPBIX U MPOABIIAIOTCA
UX HEYECTHOCTh, HEIOOPOCOBECTHOCTD U T.A. Ilocieanee n
€CTh IPOSIBIICHHUE KOPPYIIIMU B paboTe OpraHn3alioOHHON
cucreMbl. OUeBHIHO, YTO 4eM B OOJbIIEH CTENEHH K-
MepThl 00JIAIAI0T OTPULATEIBHBIMHA Ka4e€CTBAMH, BEIYIIH-
MH K KOPPYTIHAH, TeM OOJIbIIIE PACCTOSHAE MEXIY PE3YIib-
TaTaMy SKCIIEPTU3bI Y PA3IHUIHBIX KCIEPTOB, a TAKKE pac-
CTOSIHME MEXIy KOJUIEKTMBHOW 3KCHEPTHOM OLIEHKOW, Aa-
BaeMOW OTHOMY U TOMY k€ OOBEKTY peaslbHBIMH (KOppYyM-
ITMPOBAHHBIMH) ¥ HACATBHBIMH SKCIIEPTaMHU.

W3 cka3aHHOTO BBIIIE BBITEKAET CIEAyromas (hopMalu-
30BaHHas [MOCTAHOBKA 3a]a4 OOHApY>KEHUsSI ¥ M3MEpPEHHs
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koppynuuu. [lycTh uMeeTcss HEKOTOpasl peajbHasi opra-
HHU3AIMOHHASI CHCTEMa C KOHEYHBIM YKCIIOM 3KCIIEPTOB m
M OJITHMM OLIeHHMBaeMbIM 00bekToM. Torma 3aaua u3mepe-
HUsI KOPPYIIHUU B clcTeMe (popMysupyercsi TakuM oopa-
30M: 1) HAWTH OOBEKTUBHBIA KOJMYECTBEHHBIN TIOKA3aTENb
aOCOIFOTHOTO YPOBHSI KOppyniuu B cucteMe K=f(B) B BU-

Jie TIOIXOAIIEH Mepbl CYMMAapHOTO PACCTOSTHUSL MEXIY pe-
3yIbTaTaMU SKCHEPTU3Bl O0BEKTa PA3IMIHBIMU SKCIIepTa-
MH; 2) HalTH OOBEKTHBHBIN YKCIOBON ITOKA3aTellh OTHOCH-
TEJIBHOTO ypoBHA Koppymmu k=K/K, . =@B); 3) onpene-

JIMTH sIBHBINA BuI QyHKIM f w1 ¢ . [locnenuue onpenenstor

Mozienb (OPMHUPOBAHMST KOPPYIILIMU B CHCTEME U TTO3BOJIS-
0T BBIYUCIISTE (MU3MEPATH) YPOBEHb KOPPYIILMU B CHCTEME.
3anaua oOHapy>KeHUsI KOPPYILMH B cucteMe (GopMyampy-
eTcs ciedyromuM oOpa3oM: 1) HaATH OOBEKTUBHBIA KpH-
TepUil HAJIMYUs KOPPYILHK B CHCTEME B BHIE HEKOTOPOTO
KPHTHYECKOTO 3HAUCHUS k, MOKa3aTelslsl OTHOCHTENBHOTO

YPOBHS KOPPYILUU B CUCTEME Kk , IPEBBILLIEHUE KOTOPOTO
CHUTHAJIM3MPYET O HaJMYUU B HEH KOPPYIIHH; 2) UCIIOIb-
3ysl HalileHHbIH ABHBIH BUA QyHKIMU £ = @(B), NOCTpO-

UTh aJITOPUTM OOHAPYKEHUSI KOPPYIILIUHU B CUCTEME.

2 OB30P JIMTEPATYPbI

MmeeTcs MHOXKECTBO pa3iUYHBIX ONpPENEICHUN KOp-
pynuun. Cornacho [1], koppynuus — 3TO NOAKYH B3ATKa-
MU, IPOAAKHOCTD JTOKHOCTHBIX JIML U MOJUTHIECKUX Jes-
Tened B OypiKyasHBIX CTpaHax, a COIJIacHO [2] 3To mon-
KyTI, TIPOIA)KHOCTh OOLIECTBEHHBIX M ITOJUTHYECKUX JEs-
TeJeH, MTODKHOCTHBIX JIMI B KalMTaJMCTHYECKOM 00IIe-
CTBE. DTH OMpeZeIeHUs OIN3KN MEXIy COOOH, OHM Tpe-
IaT MPOU3BOJIBHBIMUA OTPAHUUYCHUSAMH OOJACTH SIBICHMS
(Ha camoM Jerne, KOpPYNLUs CyIECTBYET B KaUTAIUCTH-
YECKOM, COLMATIMCTHYECKOM H JIF0OOM JPYTOM OOIIEeCTBe),
ero JIeMCTBYIOMMUX JHIL (B3STKH OepyT HE TOJBKO JOJIK-
HOCTHBIE JINIIA, TIOJIMTHYECKUE U OOIECTBEHHBIE ICATEIH,
HO U PsJIOBBIE TPaXJaHe), XapakTepa WX AeHCTBUH (nei-
CTBHE, aHAJIOTUYHOE COBEPIIEHHOMY 3a B3ATKY, JIULO MO-
JKET COBEPIINTH U 10 COOCTBEHHOM BoJje). bonee ymoire-
TBOPHUTEJIFHOE OTIpeJIeNICHNE 1aHo B [3]: KOppymMIHs — 3TO
MPOCTO TOJIKYTI, IPOJAKHOCTb, B3ITOUHHYIECTBO. OIHAKO
W 3/1€Ch HATUIIO TPETHE U3 MEPEUNCTICHHBIX OTPaHUICHHUH.
HanbGonee eMKkoe M TOYHOE M3 CYIIECTBYIOLIUX OIpE/e-
JeHUH JTaHo, Ha Ham B3DIA, B [4]. CormacHo eMy, KOppyT-
WSl — 3TO aMOpalbHBIE, Pa3BPAIICHHbBIE, HEUECTHBIE JIEH-
CTBUS JIIOOBIX JIMII, BBIPAKAIOIIMECS, B MIEPBYIO OUEpPEb,
B IPEUIOKEHUH U TOJTy4YeHHH B3SITOK. Heckonbko nHaue
MOHUMAIOT KOPPYIIIHMIO B HOPMATUBHBIX JTOKYMEHTax pas-
JIMYHBIX TOCYAApPCTB U MEKAYHAPOJHBIX OpraHu3auii [5].
Tak, B mokymentax OOH mo Gopebe ¢ Koppymimei mo-
CJIC/IHSISI TPAKTYETCs KaK 3JI0yNOTpeOIeHHe TOCyAapCTBEH-
HOM BIIACTBIO JUIA ITOJTyYESHUS! JINIHON BBITOJBI, @ B JIOKY-
MeHTax rpyms! no koppymiun Cosera EBportsl — kak Jro-
0oe moBesieHre JIUI (B T.9. B3ITOUHHYECTBO), KOTOPBIM TIO-
PYUYECHO BBIIIOJIHEHHE OINPEACICHHBIX 00sA3aHHOCTEH B ro-
CYZapCTBEHHOM MJIM YaCTHOM CEKTOpE, BeIyllee K Hapy-
HIEHHIO 3TUX obsi3aHHOCTel. B Poccun koppynuueii cun-
TaeTcs MPecTyIHas AesITeIbHOCTh B MOJUTHKE WIN TOCY-
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JIApCTBEHHOM YIPAaBJICHUH B (DOPME HMCTIONB30BAHMS JOJIK-
HOCTHBIMH JIMIIAMHU CBOMX BJIACTHBIX MOJHOMOYHI C LIENBIO
JIMYHOTO 00OTaIIEeHUS.

[MonpoGuast craTucTHKa 00 ypoBHE KOPPYILUH B MH-
pe mpuBoanTC B padoTax [6, 7]. CorilacHO UM, IO TIOKa-
3atemo VBK (MHzmeke BOCTIpUSTHST KOPPYIILNK, MAHAMAIIb-
HOI koppynuuu cootBercTByeT MBK=100, MakcuManbHOU

koppymun MBK = 0). Haubouiee GaronoiayYHbIMH SB-
qstotest 1) Hanua (UBK=91),2) Ounnsaaaus, 3) Lserus.
Poccwuiickas @enepanns 3anumaer 119 mecro (MBK=29).
st cpaBuenus: CLA naxonsites Ha 18 mecte (MIBK= 74),
Kurait — na 100 mecte (MBK= 36). 3amMbIKatoT 3Ty moce-
noBarembHOCTh KH/IP 1 Comamn (MBK= 8). Beero o6cnemo-

BaHo 176 ctpan. B pabotax [8, 9] paccMoTpens! (hakTopsl,
CIIOCOOCTBYIOILIME PACIPOCTPAHEHUIO KOPPYIIIHH, a TaK-
K€ TIOCIIEICTBUS KOPPYIIMU AJISl PRIHKOB M T'OCCEKTOPA.
YTBepKIaeTcs, YTO KOPPYMIHSA COXPAHSICTCS WIN YMEHb-
IIaeTCsI, B OCHOBHOM, OJlarofapsi COKpalieHHIO AEATEIb-
HOCTH TOCCEKTOpa. ITa JIESITEIbHOCTh, HAIIPOTHB, CTUMY-
TupyeT pocT Koppymiun. B padore [10] u3ydena ucropus
skoHoMudeckux pedopm B CIIIA B cBeTe BIMSHUS KOPPYI-
nuu. B craree [11] ycraHOBIIEHO, YTO B CTpaHax co ciiaboii
Pa3BUTOM KOPPYILMEH IOCIEIHSS MOXKET SIBJIITBCS I0JIE3-
HOW 3aMEHO MPUHIINIIA BEPXOBEHCTBA 3aKOHA. OJHAKO B
LeJIoM, Kak crexyeT u3 [12, 13], koppymnius BpeHoO BIUsET
Ha POCT PIKOHOMUKH CTPaHBbl, B IEPBYIO OUEPEAb — HA POCT
obnrema BBII na mgymry Hacenenus. bosee Toro, B uccieno-
BaHUsX [14, 15] yTBeprkaaeTcs, 9To MeXIy YpPOBHEM KOp-
PYILIUH ¥ YPOBHEM SKOHOMHUYECKOH aKTHBHOCTH CYIIECT-
ByeT oOpaTHasi 3aBHCHMOCTb. 3aBHCHMOCTb MEXITY KOPPYII-
LIUEeH M DKOHOMHUYECKON aKTMBHOCTBIO MCCIEIYETCs TaK-
e B ctatbe [16]. 3mech 000CHOBBIBAETCS MOJIOXKEHHE, TIO
KOTOPOMY KOPPYIIIMS MPUHIIMIIHATBHO HE MOXET YIyd-
IIUTH TTOJIOKEHHE JeJ B SKOHOMHUKE.

JleTanbHbIe CBEJIEHUSI O COBpEMEHHOW KOppyMIuu (ee
BUBI, pa3Max, HallMOHAIbHBIE OCOOCHHOCTH, CBSI3aHHBIE
C HEll OMacHOCTHU, HAYYHBIN MOAXOA K €€ KOJIMYECTBEHHO-
My W3y4YECHHUIO B paMKaX CHCHHaIbHOW HAyKH KOppyMeT-
puH 1 Ap.) npuBeaeHs B [17].

3 MATEPUAJIBI 1 METO/IbI
a) Hauynem c pemreHus 3ajauu M3MEpPEHHS] KOPPYI-
mun. [IycTs m 3KcnepToB, 00pa3yroLMX OpraHW3aloH-
HYIO CHCTEMY, IIPOBOAAT COBMECTHYIO SKCIEPTU3Y OJHOTO
o0bekTa, OLleHMBasg n ToKazaTenei. [Ipon3BoibHBIN  -if

7; BO3MOXKHBIX 3HAQUYCHUH,

TIOKa3aTeCJIb MOXKET MPUHUMATDH '

COCTaBJIAOIINX MHOXCCTBO

Aj:{ajl,ajz,...,ajrj}, j=l,n,

(M

Kaxnpiit i -1 skcnept, i = 1,m , OLIEHUBAET KaXKIblii

U3 j mokasarenell o0bekTa, j=L1,n, BEIOUpas OmHO U3 7 I

BO3MOKHBIX 3HAYCHHUH 3TOTO MOKA3ATEIS d )i ,....d jy. , yKa-

L)
3aHHBIX B (1). B pesynprare mpoBeneHNs IKCIIEPTU3BI UMe-
€M MaTpHIly SKCHEPTHBIX OLICHOK
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B KOTOPOH by;,i=1,m, j=1,n, — 5KClIepTHasA OLECHKA, IaH-
Has i -M 9KCIIEPTOM j -My HoKa3atemo. B marpure B, co-
IJIACHO CKa3aHHOMY BBIILIE, DJIEMEHTBI j -T0 CTOJIOLA BbI-

OMparoTCs SKCIIEPTaMK U3 MHOXKECTBA A ; , OIPe/ensieMo-

ro BeipakeHueM (1), j=ln. [Ipennonoxum, 4To Bce IKC-

MEPTHI SBJISIOTCS B HAUBBICIICH CTENCHH KBaTH(DUIIUPO-
BaHHBIMHU, YECTHBIMH, TOOPOCOBECTHHIMU U HE3aBHCHUMEI-
Mu. B sTOM maeanbHOM ciyuyae, Kak YK€ TOBOPUIIOCH,
9KCIIEPTHBIE OLIEHKH, aBae€Mble Pa3IMUHBIMU SKCIEPTaMU
OJTHOMY U TOMY JK€ j -My IOKa3aTeir0 00bEKTa, PABHBI.

[MTostomy HaOOpbHI OLEHOK ITOKa3aresieil 0ObeKTa, MPUHA-
JIeKale pa3uYHbIM dKCIEpTaM, COBMaaamT. B tepmu-
HaX MaTPUIIBl AKCIIEPTHBIX OLIEHOK (2) CKa3aHHOE O3Haua-
€T, YTO B UACANBHOM CHCTEME KaXIbIi CTOIOEI 3TOM Mart-
pulbl COCTOUT U3 PAaBHBIX 3JIEMECHTOB, @ BCE CTPOKU COB-
najatoT. PeanbHas opraHu3allMOHHAsl CHCTEMA B CUIIY pe-
ATHHBIX CBOHCTB €€ AKCHEPTOB (CM. BBIIIC) HMEET MaTpH-
LIy 9KCIEPTHBIX OLIEHOK B C CYyLIECTBEHHO APYTUMH OT-

HOIICHUAMHA 3JICMCHTOB blj , UEM HacalibHasd CUCTEMa, a

MMEHHO, C Pa3IMYHbIMH 3HAYCHUSMH 3JICMEHTOB B OJIHOM
cToj0Ile U ¢ HECOBMAJAIOIINMH CTPOKAMH. DTO TOJCKa-
3bIBACT TaKOW MYyTh HAXOXKICHUS OOBEKTUBHOTO TOKa3a-
TEJIsl YPOBHSI KOPPYIILIMY B PEaIbHON CHCTEME B BUJIE TIOJI-
XOJISIIETO MOKA3aTeNsl PACCTOSHUS MEXIY pe3ybTaTaMu
SKCHEPTU3bI Y PA3INUHBIX SKCIEPTOB PEAIbHON CUCTEMBI.
BO-HepBBIX, paCCTOfIHI/Ie Me>1<z[y IIOJITHBIMH pe3yHLTaTaMI/I
SKCHEPTHU3Bl Y PA3IMYHBIX 3KCIIEPTOB CKIAIBIBACTCS W3
PACCTOSIHUI MEXIy YaCTHBIMHU pPe3ylbTaTaMU HX SKCIEep-
TH3BI B OTHOIIEHHWH Ka)XIOTO U3 71 IIOKa3aTelell OICHH-
BacMOro 00bekTa. BO-BTOPBIX, paCCTOSHHE MEXIY YacT-
HBIMHA peSyHLTaTaMI/I 3KCHCpTH3LI B OTHOLLICHUHU KaXXI0T'0
J -TO moKazarelsi 00bEKTa CKIIAJBbIBACTCSl U3 PACCTOSHHN

MEKIy YaCTHBIMH pe3yJbTaTaMH Ul KaXKIOW Mmapsl pas-
JMYHBIX SKCTIEPTOB. B-TpeThHX, paccTOsHHE MEXTy HacT-
HBIMH pe3yJIbTaTaMH OLIEHKH OIPEAENICHHOro j -ro mapa-

MeTpa ABYMsI pa3IHYHBIMH SKCIEPTaMH MOKHO OILICHHUBATh
a0COJIFOTHOW BEJIMYMHOW PA3HOCTH JBYX COOTBETCTBYIO-
MIMX OUEHOK. Takum 00pa3oM, MoydyaeM ClleqyIolee Bbl-
pakeHue mokaszaressi abCOIIOTHOTO YPOBHS KOPPYIIIUH

n
K=3 3 [by~by)-

Jj=li<gq

3

3mech |M | — abcoimroTHas BenmunHa uncina M . Kax cie-

nyeT u3 Gpopmyisl (3), M1 HAeaTbHBIX CHCTEM B CHIIY pa-
BEHCTBA BCEX 3JIEMEHTOB JIFOOOTO cTONOIAa MaTpULBl B
TAKUX CUCTEM bij =bqj Juisi Bcex i,q, otkyna K=0, T.e. ab-

COJIIOTHBIM ypOBEHBb KOPPYNLUHU Takux cucteM paseH 0.
OnHako 171 peallbHbIX CHUCTEM YKa3aHHOE YCIIOBUE JUIS
MaTpULBl HE BBIIIOJIHAETCS, [I09TOMY B ClIydae PeallbHBIX
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CHCTeM HAWIeTCs TpoOWKa i,q,j st KOTOpor by # by, ,
otkyxa cuexyer K >0, T.e. aDCOMOTHBIN ypOBEHb KOP-
PYIILMN TAaKUX CHUCTEM TOJIOKHTEIBHBIH.

Ha mpakTuke yno0Hee MO/IB30BaThCS MOKAa3aTeIeM OT-
HOCHUTETIBHOTO YPOBHS KOPPYIINH, ONIPEACTIEMBIM TaK

k=K/K (4)

max »

rae K.x — MakCHUMalbHOE BO3MOXKHOE 3HadeHHe abco-

motHoro nokazarenst K . C ydyerom 3HaueHuit K y upe-
QITBHBIX M PEATBHBIX CHCTEM, U3 (4) moirygaem

0<k<l1, Q)

TIPUYEM HIDKHSISI TPAHHLA COOTBETCTBYET IIOJIHOMY OTCYT-
CTBHIO KOPPYIIUH (MIeaNbHas CHCTEMa), a BEPXHAA Tpa-
HUIA — IPUCYTCTBHIO KOPPYIIMU B MAKCUMaJIbHO BO3MOXK-
HOM 00OBeMe (HeaZieKBaTHasI CUCTEMA).

Haiinem Belpaxenue mst K .. . V3 Beipaxenus (3)
st K o4eBUIHO, 4To0 K TOCTUraeT MaKCUMaIbHOTO 3HA-

yeHust K, TOTJa, KOTAa BeIMYMHA HauOOJBIIETO BO3-
MOXKHOTO YHCJIa CJIaraeMbIX B BhIpaKeHHH (3) UMEeT MaK-
CHMaJIbHOE BO3MOJXKHOE 3HaueHue OJjarofaps TOMy, u4TO

3JIEMEHT b,-j BBIOpaH paBHBIM BEpPXHEH, a bq/ — HIDKHEH
rpaHuIe (Wi Hao00poT) IUama3oHa JOMyCTUMBIX 3HaUe-
HHU DJIEMEHTOB j -0 CTOJIOLA MaTpUIlbl B , 3a1aBaeMoro
MHOecTBOM (1). DTH rpaHHUIlbl, TAKUM 00pPa30M, PaBHBI

@ jmax = max {ajl’"'vajrj }s
J

(6)

@ jmin = min {ajls-naajrj }.
J

Hy>xHb1it Ham BBIOOp d1eMeHToB by 1 by; B (3) noctu-

raeTcsi B TOM CIIydae, KOT/a 3JIeMEeHTHI JII000ro j -ro cTomnd-
Iia MaTpuUbl B = “leH NPUHUMAIOT TOJIBKO JBa BO3MOX-

HBIX 3HAYCHUS! O jmax H @ )pyip, HPHYCM KOIMYCCTBA

JJIEMEHTOB C ATUMU 3HaueHUsMU paBHbL. [Ipu 3TOM Hau-
Gosiee 0003prMoe BBIpaXKeHHE AN K ., IOIydaercs,

Korga ykKas3aHHbBIC 3HAQYEHUS CIIEAYIOT OAPYT 3a APYIrOM B
OJHOM U3 ABYX BO3MOXHBIX ITOPAIKOB

blj =4 max> b2j =4 min> b}j =4 max,--- WIH

()

blj :ajminstj :ajmax’b3j =4 min--

T.e. npu ABM>KEHUH BJIOJIb JIIOOOTO j -r0 CTOJIOLA MaT-
puubl B ee oneMeHThl b;; OMKHBI Y€pE/IOBATH CBOU 3Ha-
YCHUs, IpUHUMas NOINCPEMCHHO MAaKCUMaJIbHOC U MUHU-
MaJbHOE 3HaueHus A 3Toro cronbua. IIpu atom ycio-
BUM U3 (3) HOMyYHM CIIEAyIOIIee Pa3BEepHYTOE BEHIPAXKeE-
Hue i K.
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Kinax =|br1 = bo1| +[br1 —bay| + |y 1 —ba| +-..+
+|bzl—531|+|b21—551|+|b21—b71|+-~-+|bm—1,1 _bml|+
1-# cronben MaTpuibl B
Do =] +[Bo1 b B2 = Ba - F|az — | +

+|bzz—bsz|+|bzz—b72|+~-~+|bm—1,2 _bm2|+

2 -1 cronber; MaTpuisl B

®)

+|bln _b2n| +|bln _b4n|+|b1n _b6n| +"'+|b2n _b3n| +
+'|b2n _b5n| +|b2n _b7n| +"'+|bm—1,n _bmn|' .

n- cronber Marpuisl B

B BrIpakeHnn (8) OCTaBICHBI TOJNBKO TE CllaraeMble
o01ero BeipakeHUs (3), KOTOPBIC B paCCMATPHBACMOM CITY-
Yae 4epeIOBaHUs 3HAUCHHIA 3JICMCHTOB CTOJIOI[OB MaTpH-
el B cormacHo (7) He paBHBI HyIO. JIerko BHAETH, 4TO
OCTaBJICHHBIC B (8) ciraraeMele 1A OJHOTO j -T'O CTOJIOIA

PpaBHbBI OJHOM W TOH K€ BCIIMIMHE ajmax—ajmin. Yucno xe

ciaraeMbix B (8) mius moboro j-ro croyidiia OJHO U TO
JKEe: OHO 3aBUCHT TOJIBKO OT YHCJa CTPOK M MAaTpHIbl B
U SIBJISIETCSL HEKOTOPO# (pyHkumeir N(m). YuurtsiBas cka-

3aHHOE, (hopMy.Ty (8) MOMKHO 3amucaTh B CIACAYIOLIEM OKOH-
4aTeJIbHOM BHJIE

n
Kinax = N(m)Z(ajmax _ajmin) .
J=1

(€))

Oyukus N(m) B (9) L1t KOHKPETHBIX M JIETKO pac-

CUUTBIBAETCS YyUClIeHHO. Ee 3Hauenus it m =2 +7 npu-
BeJleHbI B Ta0II. 1.
N(m) MOXHO BBIPa3UTh W aHAIUTHYECKU. JlefcTBU-

TENBFHO, 0003HAYMB |Xx[ LENYIO YacTh X , moirydaem u3 (8)
N(m) =lm/2[+](m-1)/2[+](m—2)/2[+...+ 0=
(m/2)+((m/2)-D)+((m/2)-1)+((m/2)-2)+

_ +((m/2)=2)+...+0, mpu m—uernom;  (10)
T m=1)/2+(m-1)/2+(m-3)/2+
+(m—3)/2+...+0, npu m—HEYETHOM.
W, TIOCIIE CYMMHPOBAHHSI
2 .
N(m) = m* /4, Tupu m—4ETHOM; an

(m2 —1)/4, upum m—HEUYETHOM.
JBoitnyto ¢opmyiy (11) MOXKHO CBECTH B OJMHAPHYIO,

HO MeHee 0003puMyro hopMyiTy
N(m)={m(m—-1)/2+m/2[}/2, (12)
INoactansas 3Hauenus K u3 3) u K, 13 (9) B co-

oTHoUIEHHE (4), TOTyYNM SIBHOE BBIPRKCHHE TTOKa3aTelIs
OTHOCHUTEJEHOTO YPOBHS KOPPYIIIHU k

k:ZZ‘bij_bqj‘/N(m)Z(ajmax_ajmin)s (13)
jal

Jj=li<q

41
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Tabnuua 1.
m 2 3 4 5 6 7
N(m) 1 2 4 6 9 12

Ha npaxtuke, B OCHOBHOM, BCTPEYAIOTCS OpraHU3aly-
OHHBIE CHCTEMBI, COCTOSIII[IE U3 OTPAHUYSHHOT0 YUCIia
AKCTIEPTOB (110 5—7). SIBHBIC BBIpaXKCHHS MMOKA3aTeNsl k OT-
HOCHUTEJIBHOTO YPOBHSI KOPPYIILUH JIsi HECKOJIBKUX TAKUX
CHCTeM, BBITEKaloIIue U3 o0Iero Beipaxkenus (12), npu-
BEJ/ICHBI HUXKE.

M=

2;

J

n
by —b2/| 2 (@ max— 4 min):
J=1

1l
_

bl
Il

M=

qbu ~by | +{pr =y |+

=1

~
Il

+|b2j _b3j|y2§‘i(ajmax_ajmin)’ m=3;
j=

k= iﬂbu R R R YR K PR S
=1 (14)

+ooj = b+ —b4.f|y4§i(“jmax ~@jmin) M=%
=

k= iﬂbu = by | +[pr = b+~ |+~ 5|+
=
b=y +[Bay = b+ s | + [ ~u | +

+|b3f _b5j| +|b4j _b5j|y6§‘i(ajmax_ajmin)s m=>5.
j=

W3nokeHHbIH MOIX0/] K M3MEPEHUIO KOPPYIIIUU Opra-
HU3ALMOHHOM CHCTEMBI SIBISICTCSl TPUTOAHBIM TOJBKO JIIS
CHCTEM C m > 2 DKCIIEpTaMH.

b) IlepeiineM K pelieHuIo 3a1aurt O0OHAPYKEHUS KOPPYTI-
MK, PaccMOTpUM CHOBa OPraHM3ALOHHYIO CHCTEMY C 771
9KCIEPTaMH, U3YUSHHYIO BbIIIE B II. a. Kak ObUIO moka3aHo
B II. 4, OTHOCUTEJIbHBIA yPOBEHb KOPPYIIUH B paboTe yKa-
3aHHOM CHCTEMBI K MOYKHO HOCTATOYHO OOBLEKTMBHO W3-
MepUTh (OLEHUTh) ¢ ToMollblo (Gopmydsl (13) (a1t KoH-
KPETHBIX CUCTEM C KOHKPETHBIM YHCJIOM 11 — C TIOMOIIBIO
mpom3BoAHEIX OT (13) popmyn tuma (14)). IIpu sTom moka-
3aTeN0 OTHOCHUTENBFHOTO YPOBHS Koppynuuu k =0 coot-
BETCTBYET IOJHOCTBIO OECKOPPYNIIMOHHAs (MIeasibHas)
CHCTEMa, a TI0OKa3aTento k =1 — MOJHOCTBIO KOPPYMIIHPO-
BaHHas cHCTeMa. Bce BO3MOJKHBIC 3HaYEHHUS MOKa3aTesns &
Haxonsres B uHTepBatie oT 0 1o 1 (popmyna (5)), npuuem
BO3pacTaHHWe k B 3TOM MHTEpBaje O3HauaeT MOHOTOHHOE
YBEJIMYCHUE YPOBHS KOPPYIIIMU B CUCTEME OT MHHUMAIIb-
HOTO BO3MOYKHOT'O JJO MaKCUMaJIBHOTO BO3MOYKHOTO, a YObI-
BaHHE k — €ro MOHOTOHHOE€ YMEHBLICHHE OT MaKCHMallb-
HOTO BO3MOYKHOTO JI0 MUHMMAaJIBHOTO BO3MOXKHOTO. Takxke
B3aMMHO OJIHO3HAYHOE COOTBETCTBHE MEXIy Npe/roa-
raeMbIM YPOBHEM KOPPYIIIMH B CHCTEME M MaTeMaTHIeCKU
CKOHCTPYMPOBAHHBIM IIOKa3aTeNeM 3TOr0 ypOBHS k IIO-
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3BOJIICT PEUINTH 3aJ1auy OOHAPYKEHUsI KOPPYIIIMU B CHC-
TEME TIOTHOCTHIO (DOpMAaM30BaHHO. /{11 pemieHns HyKHO:

1. BeiOpaTh HEKOTOpOE MOCTATOYHO MAallo¢ 3HAUCHHC
OTHOCHTEJIFHOTO YPOBHSI KOPPYIIMU k , TIPEBBINICHUE KO-
TOPOTO MOXHO 000CHOBAaHHO TPAKTOBATh KaK OOBCKTUBHOE
CBUJICTEIECTBO HAJIMUMS B CHCTEME KOPPYIIUHU. DTO 3HA-
yeHue (0003Ha4uM ero k() eCTECTBEHHO Ha3bIBAaTh IOPO-

TOM KOpPPYMIIMPOBAaHHOCTH cHcTeMbl. HeoOxomuMocTh BBe-
JICHHS TIOpOTa KOPPYMITMPOBAHHOCTH CHCTEMBI k() CBSA3aHA

C TeM, YTO CJIMIIKOM MaJlble 3Ha4eHHs MoKa3atens k (k <kg)

MOT'YT OBITh BBI3BaHbI HE CBOMCTBAMH SKCIIEPTOB, CBSI3aH-
HBIMH C X KOPPYMITUPOBAaHHOCTBIO (HEUYECTHOCTh, HET00-
POCOBECTHOCTB, 3aBHCUMOCTh U T.I.), @ COBCEM IPYTUMHU
cBOiicTBaMH (B NEPBYIO O4Yepelb, HEMOCTATOUYHOM KBAIIH-
(ukarmeit), UrparonMMu TpH OOHAPYKEHUH KOPPYTILHN
pOIb «IIyMay», IOJMENIaHHOTO K «IIOJIE3HOMY CHTHAIY).
Benuuuna nopora KoppyMIIMPOBaHHOCTH k() , TAKMM 00pa-

30M, €CTh BO3MOJKHAs MIOTPEIIHOCTh BBIYMCIICHUsI 1O (op-
Mmyse (13) mokazaTens & W3-3a BIMSHHA Ha OCTPOCHHYIO
MaTeMaTH4eCKyl0 MOJENb YKa3aHHBIX «Ipyrux» (HeKop-
PYIIMOHHBIX) CBOMCTB dKcnepToB. [1oaToMy yBepeHHO ro-
BOPUTH O HAJIMYHUHN B CHCTEME KOPPYIILINK IIpH k < k( HEIb-

35 — 3TO BO3MOXKHO JIMIIb IIpH & > kyy .

2. BoluucnuTe 3HaUeHHE 1MOKa3aTelsi OTHOCHTENHEHOTO
YPOBHS KOPPYIILMK B CUCTEME Kk , OIUPAsCh HA MHpOpMa-
M0 0 paboTe CHCTEMBI, COAEPIKAIIYIOCS B €€ MaTpHIle
SKCTIEPTHBIX OLIEHOK B Buja (2) 1 MHOXKECTBAaX BO3MOXK-
HBIX 3HAYCHUH TOKa3aTeled MOoJBEpracMoro 3KCHepTH3e
o0bekTa, 3a1aBacMbIX B Bune (1). st BEIYMCICHUS UC-
nosip3yeM odmyto dopmyiny (13) uiam ee KOHKpeTH3UPO-
BaHHBIE BapuaHTHI (14), oTHOCATIHECS K CHCTEeMaM C KOH-
KPETU3UPOBAHHBIMU KOJIMYECTBAMH 3KCIIEPTOB 771 .

3. CpaBHHUTh BBIYMCIICHHOE 3HAUCHUE MOKa3aTels OTHO-
CHTEJIBHOTO YPOBHS KOPPYIIMK k C BBIOpaHHBIM 3HAYEHH-
€M Topora KOppyMIHpOBaHHOCTH k() . [Ipn 3TOM BO3MOX-

HO 3 ciyuas: a) k > kg, IpH 9TOM JienaeTcs 3aKI0ueHue

0 HAJIWYMU B CHCTEME KOpPYILUH (KOPPYMITUPOBAHHOCTh
cucremsbl); 0) k=0, (k npaxruuecku paseH 0) mpu 3TOM
JIeNIaeTCsl 3aKJIFOUSHNE O MOJHOM (IPaKTHYECKH TOJTHOM)
OTCYTCTBUH B CHCTEMe KOPPYMUHWH (TI0JTHAsE WU MTPaKTH-
YeCKH MOJHasg 0eCKOppyMIMPOBaHHOCTH); B) 0 < k <k,

IIPY 3TOM JeJIaeTCsl 3aKII0UYEHHE O HEeJOCTaTOYHOCTH UMEI0-
1ieiics nHdopMaIMu IS 3aKITI0YEHHI 0 HATMYHUHU MO0 00
OTCYTCTBHUH KOPPYILUH B CUCTEME.

H31105eHHBINH METOJI MO3BOJISIET OOHAPYKUTH KOPPYII-
IIMIO B pabOTe OPraHNU3aLMOHHON CUCTEMBI B IIEJIOM, HO HE
B paboTe OTHeNBHBIX YacTeil 3TOl cucTeMbl U TeM Oojee
He B pab0OTe OTAENBHBIX DJIEMEHTOB 3TOH CHCTEMBI — JKC-
nepros. Ilocnennee npeacrasiaser codoi ocobyro 3agady
KOPpYMETpHUH — 3ajiady JIOKaIn3auu koppymimn. Heobxo-
JUMOCTB PacCMOTPEHHMS M PEILCHHUS, HapsIy ¢ 3amadeii 00-
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Hapy>XXeHHsI, TaKKe 337a4H JIOKIN3AIMN KOPPYILUK CBSI-
3aHa C TeM, 4TO Iocjie OOHAapyKEHHs KOPPYILUH B CHUC-
TEME BO3HHMKAeT BOMNPOC OTBETCTBEHHOCTH 33 KOPPYIILH-
OHHBIE JICHCTBHS, @ OTBETCTBEHHOCTS 32 JIIOObIEe JeHCTBUS
T10 3aKOHY SIBJIIETCSI HE KOJUIEKTUBHOM, 8 HH/MBHUy ATbHOM.

PaccMoTpeHHEIH B cTaThe MOAX0/ K 00HApyKEHUIO KOp-
PYTIIMHI B OPTaHU3AMHMOHHON CHCTEME TIPUTOJICH TOJBKO [T
CHCTEM C M > 2 3KCIEepTaMH.

¢) Hakonen, paccMoTpuM pelieHue 3aJa4uu JIOKajau3a-
nuu Koppymwmu. st aToro Hapsmy ¢ 3amadamu 1, 2 (0OHa-
PY>XKeHHE ¥ U3MEpEHNE KOPPYIILMH), BBEACHHBIMH B IIII. a, b,
paccMoTpuM Temepb 3amady 3: pa3paboTka MaTeMaTHde-
CKOM MOJIEIIM M METOJa, ITO3BOJSIONIHX MO HWMEIOIICHCS
uH(pOpMaIK 0 paboTe OpPraHU3alIOHHON CHUCTEMBI C M
AKCTIEPTaMU OOHAPYXUTh (HAKT HATHYHS KOPPYIIIUU B JIFO-
00ii MojCKCTEME C MPOU3BOJIBHBIM YHCIIOM JKCIIEPTOB S ,
rae s <m. DTy 3ajady Ha30BEeM 33/1auci JIOKAIM3aIHN
Koppynuua. GopMann3oBaHHAS TTOCTAHOBKA 3a/adHl JIOKa-
JU3ANAN KOPPYIIIHN B CHCTEME BBITIISIIUT TAKAM 00pa3oM.
[lycte mMeeTcss HEKOTOpasl OpraHM3alMOHHAs CHUCTEMa C
KOHEYHBIM YHCJIOM 3KCIIEPTOB /M, CUNTAIOIIASCS peallb-
HOH (B OTJIMYME OT THIIOTETUYECKOH CHCTEMBI, KOTOPasi SB-
JIeTCs uacaIn3anyel 3aaHHoi — cM. 11. a). [amee 3amaet-
Csl HEKOTOpas TPOM3BOJIBHAS TIOJICHCTEMa UMEIOIIIEHCs CHC-
TeMBI ¢ s (s <m) dKcriepTamu. Torna 3aada JOKaTH3aIiN

KOPPYILIMK MOXET ObITh c(OpPMYJIMpOBaHA CIETYIOIIIM
oOpazoMm: 1) HaliTH OOBEKTUBHBINA KPUTEPHUH CYIIECTBOBA-
HUS KOPPYILMH B 3aJaHHOW IOJICHCTEME MMEIoIIeHCs pe-
IBHOW CHCTEMBI B BUJIE TIOIXOJSIIETO KPUTHYECKOTO 3Ha-
YeHNsI TIOKa3aTeNsl YPOBHS KOPPYIINHY, MPEBbIIICHHE KOTO-
POTO CBHICTENBCTBYET O CYIIECTBOBAHUH KOPPYIIIMH B 3TOM
MOJICUCTEME; 2) TIOCTPOUTh MaTEeMaTHYECKYI0 MOJIENb, TI0-
3BOJSIFOLIYIO BeCTH S((EKTHBHBIC BBIYHCICHHUS, HEOOXO-
JMMBIe 171 OOHApy KEHUs KOPPYIIIUH B OJICHCTEME.
3ajaya JIOKaNM3aluKu KOPPYIIMH, KaK CleIyeT u3 IpH-
BEJICHHOI €€ NIOCTaHOBKH, NPUHIMTIAAIILHO HE OTIIMYaeTCs
OT 3a7aun oOHapyXeHHUs Koppymmu. Pa3sHuna coctout
TOJIBKO B Pa3MEPHOCTH PEIIAEMOH 3a]1a4r: BO BTOPOM CIIy-
Yae 3Ta pa3MepHOCTh paBHA mXn (m — YUCIIO IKCIEPTOB

B paccMaTpyBaeMoOH CHCTeMe, n — YUCIIO TIoKasaTeneil 00b-
€KTa, KOTOpPBIC OIEHHMBAIOT 3KCIEPTHI), B IIEPBOM Cilydae
pa3MepHOCTh 3a7aui COCTABISICT SX M, s <m (§ — YUCIO

SKCIEPTOB B paccMaTrpuBacMoOil MOJACUCTEME 3aJaHHOM Op-
TaHU3ALOHHON CUCTEMBI C m OJKCHEepTaMH, 7 — TO KE,
4TO M BO BTOpOM ciry4ae). ConeprkaHue ske peraeMoi 3a-
Jlaqy B 00OMX CITy4asiX OZHO M TO Xe: OOHapy)KeHHE KOp-
pyHmuMy B paccMaTpuBaeMON cHucTeMe. Tak 4To MOXKHO
CKa3aTh, YTO JIOKATH3ALHA KOPPYILIUH — 3TO OOHApyKEHHE
KOpPYILMHU B HEKOTOPOM 3aJaHHON MOJICUCTEME UCXOIHOU
CHCTEMBI, UMEIOLIEH, BOOOIIE rOBOPS, MEHBIIIEE YHCIIO 3KC-
NepTOB, HO TO K€ YMCIIO IOKa3aTenell 00beKTa, KOTOpble
OLICHUBAIOT 3KcepThl. OTCIO/a ClIeyeT, YTo JUIs peLIeHHs
33/1a4 JIOKAJIM3aIMM KOPPYIIMA MOTYT OBITh HCIIOJIB30-
BaHBI T€ )K€ METO/IbI, YTO M JUIS pEelIeHHs 3aJa4u oOHapy-
KEHHs1 KOppyHuuu (cM. 1. b), IpH yCIIOBUH, YTO TOJICHC-
TeéMa MCXOMHOU CHUCTEMBI, Ul KOTOPOM pelraeTcs 3axada
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JIOKaJIM3alliy, Y)Ke 3a1aHa. TakuMm oOpa3oM, BOIPOC CBO-
JIUTCS K TOMY, KaK 3a/1aBaTh IOJICUCTEMbI MCXOJHOW CHC-
TEMBI, JJIs1 KOTOPBIX CIIEyeT peliaTh 3a1aqy JIOKITU3au
Koppynuuy. J[pyruMu clioBaMu, Kak pa30MBaTh HCXOIHYIO
CHCTEMY Ha IIOJICHCTEMBI, YTOOBI B pe3yJbTare perIeHHs
33124 JIOKIM3aUH sl K&XKI0H 13 mozcucteM 1) koppyn-
IS OKa3aJach JIOKAJM30BAaHHOW Ha MHOXKECTBE C 3ajaH-
HBIM JTOCTaTOYHO MAITBIM YHCIIOM 3KCIEPTOB, 2) IIOTPEOHOE
IUISL 3TOTO YUCIIO PeIIaeMBIX 3a[ay JIOKAJIM3AlUH OBLIO
MHHHUMAJIbHBIM.

Jlnst pa3OueHuss OpraHM3allMOHHOW CHCTeMbl Ha IOJ-
CHCTEMBI, yJOBJIETBOPSIOIIETO JBYM ITOCTABICHHBIM TpE-
OOBaHUAM, HYXKHO, 9YTOOBI HA KaXXJIOM IIare pa3OueHUs
TMOJIy4aJIOCh HAauOOJIbIIIee KOMMYECTBO MH(OpMAIUK (CHHU-
Majach HauOOJbIIAsi HEONPEAEIEHHOCTh) OTHOCHTEIBHO
pacmpezienieHusi KOppyniuu B cucrteme. IIpu aToM Tpe-
Oyromeecss 4MCiIO IIAroB MHUHUMH3UPYETCS, O0OecTieunBast
BBHITIOJTHEHNE TpeOoBaHms 2. BrmonHeHne TpeboBaus |
obecrieurBaeTCs TEM, YTO Ha KaKAOM IIare pa3OneHus B
pe3ysbTaTe YMEHBILIEeHHs HEONPEAENICHHOCTH CYyXaercs |
MHOXKECTBO JKCIIEPTOB, Ha KOTOPOM JIOKaJIM30BaHa UMEFO-
miasicss B CUCTEME KOPPYIILHS, TaK YTO MPH HY>KHOM YHCIIe
IIaroB 00bEM 3TOTO MHOXKECTBA MOYKHO JIOBECTH JI0 HYXK-
HOTO MAJIOTO YHMCia JKCIepToB. BeiOop Hy>KHOro pazdue-
HHS Ha KaXXJOM IIare MPOM3BOJUTCS € yUETOM HMelomeiics
HayaJbHOM M TOJIy4aeMOW B TIOCIEAyIOUIeM HH(pOpMalu
0 pacrpezneneH!n KOPPYILHHI B CHCTEME.

AJTOpPUTM pelIeHus 3a1a9ll JIOKaIU3aliyd KOPPYIIUH
B CHCTEME COCTOHT B CIIEAyIOIEeM (Ipenroaraercsi, 4ro
IpeaBapyuTeIbHO ObLIa pelleHa 3aada 0OHapy>KeHHs KOp-
PYIILHH B CHCTEME, KOTOpast OATBEPANIIa CYILECTBOBaHHE
KOppYIILHUH B 9TOH CUCTEME).

1. C y4eToM MMeromeics HavyaJIbHOW MH(pOpMALU O
pacrpeneseHul KOPPYILHU B CUCTEME MTPOU3BOJHUTCS pas-
OveHne MMEIOIISHCST OPraHU3al[MOHHON CUCTEMBI C 7 3KC-
TepTaMi Ha HECKOJIBKO IOJICHCTEM TakK, YTOOBI B KaKIOH
nojicucteMe ObLIO He MeHee 2 1 He 0oJiee m — 2 DKCIEpPTOB.

2. nst xaxaoi oOpa3oBaBILIEWCS MOJCHCTEMBI C II0-
MOIIBIO aJITOpUTMa M. C pemaercs 3aJada OOHapYKEHHs
Koppynuuu. B pesynbrate MHOXKECTBO M Bcex MOJCHUC-
TEM pacrajaeTcs Ha TPH HETePECEKaroIMXCcsl OAMHOXKeE-
crtBa M|,M,, M5, tne M| BKIIOYaeT Bce KOPPYMIIMPOBAH-

HbIe IIOJCUCTEMBI, M, — BCE HEKOPPYMIIMPOBAaHHbIE (WM
MPaKTUYECKU HEKOPPYMIIMPOBAHHbIE) MIOACHCTEMBI, a M5

BKJIIOYAET BCE MOJACHUCTEMBI, B OTHOLUEHUH KOTOPBIX NpHU
HUMEIoICHCS MHMOPMAITUH HEJIb3sl CHENIaTh 3aKIFOUCHHUE O
HaJIMYMU WINA OTCYTCTBUM KOPPYIILIUH.

3. UckmoyaeM W3 paccCMOTPEHHSI MHOKECTBA TIOJICHIC-
TeM M, U M5, OCTaBIIsisl IMIIb MHOXKECTBO M. Jlanbiie

paboTaeM 1Mo OTHAENBHOCTH C MoacucTeMamu Ap, 4, , ...,
BXOJSIIIMHU B MHOJKECTBO M.
4. Bo3Bpar k miary 1, BEIOJHIEMOMY TeTIephb OTAEIBHO
JUISL KaXKIOM ToZicUCTeMBl Ay, Ay ,... MHOXecTBa M .
Pabota anropurma 3akaHYMBaeTCs, KOTJa O4YepenHOEe
MHOXeCTBO M| Oyner BKIIIOYATh MOJICUCTEMBI Aj, Ay,... €
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JIOCTaTOYHO MaJIbIM YHCIIOM JKCIIEPTOB, OTBEYAIOIIUM YC-
JIOBUSIM 3a]]a4M, TaK YTO OCTAHETCS JIMIIb PELIUTh 33/1a9y
OOHapyKEeHHs1 KOPPYILIUHK IS KKI0HW U3 YKa3aHHBIX MOA-
cucteM. TpyIOeMKOCTh MPUBEJEHHOTO JTOPUTMA B HaH-
OorbIIIel CTETIeHH 3aBUCUT OT YIAauHOTO pa3OMeHus opra-
HHU3AI[OHHOM CHCTEMBl Ha IIOJICHCTEMBI B IPOIECCE BBHI-
TIOJTHEHHUSI TTOCNIEOBATENBHBIX IIaroB 3TOr0 aJrOpPUTMA.
[puBenem npaBmia pa3OUeHHs I BO3MOXKHBIX THITHY-
HBIX CITy4acB.

Cayuaii 1. Umeercst npensaputenbHas HHQOpMAIHs O
TOM, YTO B CUCTEME B TOYHOCTH OAWH JKCIIEPT (HEH3BECT-
HO, KTO) sIBIsieTcs KoppymuuoHepoMm. Torma Ha 1-M mare
alropurMa pazo0beM CHUCTEMY Ha JiBE MOACHUCTEMBI C (IO
BO3MOYKHOCTH) PaBHBIM YHCJIOM 3KcnepToB. Ha 2-M miare,
€CJIM TIpeABapHTeNbHas HHPOPMAIMSI O CHCTEME BEpHA, BbI-
JieIieM MHOXKECTBO JKCIIEpTOB (ToacucreMy) My, comep-

JKallee UCKOMOT0 3KCIIepTa-KOpPYyMIIHOHEPa, 1 MHOYKECTBa
9KcHepToB (Hoxcucremsl) M,,M;, B KOTOPBIX KOppyI-

unoHepoB HeT. Ha 3-M miare uckimouaem U3 AajibHEUIIEro
pPacCMOTPEHUs TIOACUCTEMBI My, M5, OCTABIISAS TONBKO MO~

cucteMy M. Jlambiie — Bo3Bpar K mary 1, KOTopblil Te-

Heph BBIIOIHACTCS yXKE HE CO BCEH CUCTEMOI, a C €€ «IIo-
noBUHOWY — nmozacucremort M. U T.1. Ha xaxaom u3 Ta-
KHX 3-I1aroBBIX LIUKJIOB HEOMPEENEHHOCTh (YHMCIIO IKCIIEp-
TOB B MOJICUCTEME, COAEPKAIEH KOpPYNLHUOHEpa) YMEHb-
IIAETCs BJBOE, YTO 00ECIeYnBaET JOKAIM3ALMIO SKCIepTa-
KOPPYIILMOHEPA B IPEAENax MOACUCTEMBI M3 2 DKCIIEPTOB
3a log, m—1 nuxios, T.e. 3a 3(log, m —1) maros anro-

pUTMa, I[Ie 7 — YUCIIO HKCIEPTOB B CUCTEME. DTO — camast
SKOHOMHAsI PeaTH3alysl aropUTMa JIOKAJIH3alui KOpPyT-
LIMH B PacCMaTpUBAEMOM CIydae, JOCTUTHyTas Onaromaps
ONITHMM3AINHN Pa30MeHNs] OPraHW3AIMOHHOW CHCTEMBI Ha
COOTBETCTBYIOIIMX IIarax alropuT™a (€CiM MpeiBapUTEIb-
Hast MH(GOpMALK O cHcTeMe OblIa HEBEpHA, TO COKpAIeHHe
HEOIIPEICICHHOCTH BABOE 33 OJUH LUK HE MPOUCXOIUT U
TpeOyeMoe YMCIIO 1IIaroB aJITOPUTMa YBEJIUYNBACTCS ).
Cayuaii 2. meercs npensaputenbHas HHQOpMaIHs o
TOM, YTO B JAHHOH CHCTEME BCE M JKCHEPTOB — KOPPYII-
IMOHEpPHIL. B 3TOM cityyae Ha mepBOM IIare anropuTMa Mbl
pa3zobbeM cucTeMy Ha 71/2 TOACKCTEM ¢ (IO BO3MOXKHO-
cTH) 2 sKcnepTamu B Kakaod. Ha 2-m mmare (ecnu penBa-
puTensHast HHGQOPMAIKSI O CHCTEME BEpHA) IMOTyJacM MHO-
KECTBO M| TIOACHCTEM C IBYMs SKCIIEPTaMH, COACPKAIMX
KaX[Jas1 KOpPYTLUOHEPOB, U ITyCTble MHOXKECTBA M) U M5
MIOJICHCTEM, HE COJEpKaINX KOppyHimoHepos. [lotpeo-
HOCTH B BBITIOJIHEHUH 3-TO IIara HeT, BBUAY OTCYTCTBHS
MHOXKeCTB M, n My. Takum 00paszoM, JIOKanu3amus m
KOPPYIILMOHEPOB B Mpeenax /2 MOjCHCTeM 3 2 9KC-
MIEPTOB BbINOJHEHA. YHCI0 MOTPEOHBIX Ul 3TOTrO LIaroB
OKa3aJIoCh PaBHBIM 2, HO Ha 2-M IIare mnorpeboBaioch
eme m/2 onepaimii OGHAPYKEHWs KOPPYTILWMHU B 11/2 MO~
CHCTeMax, TakK YTO o0Iee MOTpeOHOE YMCIIO OTepaIoH-
HBIX IArOB COCTABUIIO 1+7/2 . DTO YKMCII0 — MUHUMAILHOE,
JOCTUTHYTOE Onaronapsi ONTUMaIbHOMY pa30OUEHHIO CHC-

TeMbI Ha 1-M 1miare ajropurMma. (ECJ’II/I npeaBapuTeibHas
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nHpopmManus o cucreme OblIa HEBEpHA, T.€. PEabHO TOJIb-
KO 4acTh JKCIIEPTOB KOPPYMIIHPOBAHBI, TO MOYXKHO OBLIO
NPEIOKHTD JTydliee pa30reHne, Beayliee K YMEHBIICHHIO
00111eTo YKcia ONepaioHHbIX [IaroB ajlrOpuTMa).
Cayuaii 3. lmeercs npenBaputenbHas nHGOpMAIys,
4TO B pacCMaTpHBacMOM cCUCTEME POBHO JiBa 3KCIepTa (He-
M3BECTHO KTO) KOppyMmnupoBaHbl. Torna Ha 1-Mm mare ai-
ropuTMa pa30OMBaeM CHUCTEMY Ha JiBE IOACHCTEMBI C BO3-
MOXKHO 0o0Jiee paBHBIM YHCIIOM JKCIIEPTOB — KaK B cirydae 1.
Ha 2-M mare B XyaleM ciydae, ¢ TOYKH 3PEHHUS IOIY-
YaoUIelcsl HEONpEeeTIeHHOCTH (eciy IpeaBapHuTeNbHas
uHpopmalus o cucreme BepHa), OyJieM UMETh MHOXKECT-
BO M/ W3 ABYX TOJICHCTEM, KaKIas M3 KOTOPBIX KOPPyM-

IMpOBaHa (B HAIlleM ClTyyae — COAEPKUT Mo 1 KxoppyMIu-
POBaHHOMY 3KCIIEPTY) U 2 IyCTBIX MHOXeCTBa My U M3y

MOJICHICTEM, HE COJepKallliX KOppYIIuH. BBumy oTcyT-
CTBHSI MHOXECTB M ,, M3 TpeTHHl IIar HE BBHITOIHACTCA.

Jainpire — Bo3BpaT K mary 1, KOTOpBIi Teneph BBIIOIHS-
€TCsI HE CO BCEU CUCTEMOMH, a C KaKJ0H U3 2 MOITy4YeHHBIX
Ha 2 mare nojcucreM. IIpudem, Tak kak 00e HOACHCTEMBI
coJiepkKaT POBHO MO OJHOMY KOPPYMIIMPOBaHHOMY JKC-
nepry, paboTaeM B COOTBETCTBHH C IPOLELYPOH, OMUcCaH-
HOH B ciay4ae 1. TpyJoeMKOCTb JOKaIM3ayuu KOppyHLul B

KaXI0M mogcucreMe coctaBuT 3(log % —1)=3(log, m—2)

IIaroB ajropuTMa, TaK 4To 00Ias TPYZOEMKOCTh, C y4e-
TOM 3aTpar 2 mara, paBHa 2+2-3(log m—2)=6log, m—10.

B obmem citydyae mpaBuia pa3OueHHs paccMaTpHBae-
MOH CHCTEMBI KOHCTPYHPYIOTCS aHAJIOTHYHO IPaBHIIaM,
TIPE/ICTABIICHHBIM JUISl TPEX TUIMYHBIX CITy4aeB (CM. BBIIIE).
IIpu 5TOM Ka)kAplil HOBBIA M3y4aeMblil CiTydaid 10 BO3MOX-
HOCTU CBOJUTCS K yX€ PacCMOTPEHHOMY, IIOI00HO TOMY,
Kak ciyd4aii 3 Obu1 ipuBeieH K ciaydaro 1. Ilpu aTom Hano
UMETh B BUJIy, YTO BBIMUTPBILI OT MUHUMAIBHON TPYJ0EM-
KOCTH aJITOPUTMA JOKATU3aluU KOPPYIINH, MOTyIEeHHBINA
Onarojapsi ONTHMAIEHOMY pa30UEHUIO CUCTEMBI, SIBIISICT-
Cs1 CyIIECTBEHHBIM JIMIIIb B CHCTEMAX C JOCTATOYHO OOIIb-
IIAM 9UCIIOM 3KctiepToB m (m > 5+ 7). Ecnu xe 3710 3Ha-

YEeHHE MaJslo, KaKk yacTo ObIBaeT Ha mpakTuke (m=2+4),

TO PEAbHOTO BBIMIPHIIIA HE TTONYYACTCS H OTOMY LieJie-
coo0pa3HO BbIOMpaTh caMmble NPOCThIE IIpaBHUiIa pa3due-
HUS, HAIIpUMep Te, 9TO OIHMCAHBI B ciiydasx 1, 2.
W3noskeHHBIH MOAXO0J K JIOKATM3AIMA KOPPYIILIU B Op-
TaHW3ALMOHHON CHCTEME TMO3BOJIET JIOKAIU30BaTh KOPPYII-
IUIO JIUIIB ¢ TOYHOCTBIO JI0 NIOJICUCTEM, COJAEPIKALIMX ABA
9KcrepTa. JpyrumMu cioBaMy, MOKHO yKa3aTh KOPPYMITH-
POBaHHYIO Mapy 3KCHEPTOB, HO TOYHO CKa3aTh, KTO NMEH-
HO U3 HUX KOpPYILHOHEp, Hemb3st. 1 Toro 4robbl 5T0 cTa-
JI0 BO3MOYKHBIM, MBI JIOTIOJIHMM HM3JI0XKEHHBIH MOIXO0J TIpHe-
MOM «CpaBHEHHE JIBYX JKCIlepToB». PaccMoTpuMm MaTpu-
Iy 9KCIIEPTHBIX OIIEHOK CHCTEMBI C M = 2 3KCIIEepTaMu

byy
D21

bln

B =
b2n

5)

Kax cnexyer u3 (15), cpennue o BceM n TOKa3aTelsiM
OIIeHKH 00BbeKTa, maBaeMble 1 u 2 sKkcrmepTaMu (ycpenHe-
HHE TPEATIoNaraeT COn3MEpIMOCTh OIEHOK MOKazaTenei),
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n n
bl,cp :Zbu n, b2,cp :Zb2j n. (16)
J=1 J=1

Ecmu 00a skcnepTa He TOJIBKO BHICOKOKBATHU(DHUIIMPO-
BaHHBIC, HO M YECTHBIC, TOOPOCOBECTHEIC W HE3aBUCHMBIC,
TO OLEHKH b; U b, HOIKHBI COBNAAATh WM IIPAKTHUC-

CKH COBIaJath. Jlanee, ecim SKCrepThl YeCTHBIE, 100pOCco-
BECTHBIC U HE3aBHCHMBIE, HO HE B BBICIIEH Mepe KBanu(pu-
[IUPOBaHHbIE, 3TH OLEHKU OyIyT HECKOJIBKO Pa3InyaThCs.
Hakomer, eciu 9KCIiepThl HEUECTHBIE, HEAOOPOCOBECTHBIE
U 3aBUCHMBIE, TO €CTh KOPPYMIIUPOBAHHbIE, TO TIPH JIO-
0011 MX KBATM(UKAMKA 3T OLECHKU OyIOyT pa3iuyaTbes
CYILECTBEHHO. DTH COOOPa)KEHMS! MOJICKA3bIBAIOT CIIEHYIO-
LM NPOCTOM MPHEM BBIABIECHUS 3aBEJOMO KOPPYMIIHUPO-
BaHHOT'O JKCIIEPTa U3 CHCTEMBI JBYX DKCIEPTOB, B KOTO-
poii paHee OblIa OOHApPY)KEHA KOPPYIIITHUS.

1. TTo opmynam (16) BEIYKCISIOTCS CPEAHUE IKCIIEPT-
HbIE OLIEHKU 00beKTa by U b, , JaBaeMble 1-M U 2-M JKC-

HePTaMH.
2. BelYHCHIS€TCS OTHOCHTENBHOE PACXO0XKACHUE MEKTY
OLCHKAMU by o, M by ¢

o= |b1,cp - b2,cp |/min(b1,cp va,cp) > (17)

3. HaznauaeTcst HEKOTOpOE IOPOroBOE JOCTATOYHO Ma-
JIo€ 3HaYeHUE O, MOKa3aTelsl O, MPEBBIIIEHHE KOTOPOro

MOKHO OOOCHOBAaHHO TPAaKTOBAaTh KaK OOBEKTUBHOE CBUIIC-
TEITCTBO KOPPYMITUPOBAHHOCTH OJTHOTO M3 2 3KCIICPTOB.
Torna, ecim okaxkercst & > J,, TO MbI OyJeM OMpeeNeH-

HO TI0JIaraTh, YTO OJMH M3 3KCIIEPTOB B CHCTEME KOPPYM-
nupoBaH. Koro MMEHHO c4MTaTh KOPPYMIMPOBAHHEIM B
ClTydae TaKOTO TPEBBILICHNUS, 3aBUCUT OT CMBICIIA MOKa3a-
Teneil by ¥ OUCHOK by,b, . Eciy GOIbIIMM 3HAYCHUSIM T10-

Kasareyiel U MX OICHOK COOTBETCTBYET OOJice BBICOKOE Ka-
YECTBO OLICHUBACMOTO 00BEKTA, TO KOPPYMIIUPOBAHHBIM
HAaJI0 CYMTATh TOTO DKCIIEPTA, KOTOPHIA 3aHMKACT OIICHKY
00BEKTa, T.€. JaeT MEHBUIYIO U3 OLEHOK b;,b, . KoneuHo,

3[eCh peub HAeT 00 OCHOBHOW CHTyaluu A , TAe 3KCIepT
HE CBsI3aH C KOMaHJI0H, CTOsIIEH 32 00BEKTOM, U IOTOMY
3aMHTEPECOBAH B «IIPOBAJIC YyXKOro o0beKTa». B nBoiicT-
BEHHOW cuTyalmu b , rie 9KCIepT 3a0/[HO C KOMaHA0H 00b-
€KTa, OH 3aMHTEPECOBAaH B «BBITATUBAHUU CBOETO O0BEK-
Tay, O3TOMY B 3TOH CUTYall KOPPYMIIMPOBAHHBIM HY K-
HO CYHTATb 3KCIIEPTA, JABILETO OOJIBLIYIO U3 OLIEHOK By,b,.

Belnenenne oHOTO U3 JIBYX, 3aBEIOMO KOPPYMITUPOBaH-
HOT0, 9KCIIEpTa HE O3HAYAET, YTO BTOPOU IKCIIEPT HEKOP-
pymrupoBad. OHAKO BOIPOC O €0 BO3MOKHOU KOPPYM-
MMUPOBAHHOCTH JIOJDKCH PEIIaThCs y)KE MHAYE — HA OCHO-
BaHUH TOJHKO MH(POPMAIIUHU O pabOTe TAHHOTO IKCIIEpTa.

W3moxum emie oAnH, YIPOIICHHBIH BapHAHT OIHCAH-
HOTO BBIIIE TipreMa. [TycTh OLEHKH TIEpBOTO IKCIIEPTa CHUC-
TEMEBI C JBYMs SKCIIEPTaMU BCETIa JOMHHHUPYIOT HAJl OIICH-
KaMH BTOPOTO JKCIEPTa, T.€. CTPOKH MATPUIIBI IKCIIEPT-
HBIX OIICHOK CHCTEMBI (15) HaxomATCsl B OTHOIICHUH

b;2by;, j=Ln,

(18)
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TpugeM XOTsI OBl OTHO U3 7 HepaBeHCTB (18) sBisiercs cTpo-
riM (IMeeT 3HaK >). Toraa o4eBuIHO, 9TO MPU AOCTATOY-
HO OOJIBIIIOM IpoleHTe (CKaxkeM, cBbime 5-+10% ) crpo-
THX HEpPaBEeHCTB B cHcTeMe HepaBeHCTB (18) koppymmu-
POBaHHBIM CJIE/TyeT CUMTATh: 1-ro AKcmepTa B cUTyauun A
U 2-T0 dKcIepra B cuTyauuu b .

Hakoner, paccMOTpHM BO3MOXKHYIO JIOKIH3ALMIO KOp-
PYIIHMU B OJHOM OTIEIBHO B3ATOM JKCIEPTE HAa OCHOBA-
HUH UCKITIOYUTEIHHO HH(pOPMAIHH 0 paboTe JaHHOTO dKC-
nepra. Ilocnennee o3HayaeT, YTO HAM H3BECTHA TOJBKO
HEKOTOpast i -5l CTPOKA MaTPHUIIBI 3KCIIEPTHBIX OLIEHOK B,
rne i — HOMep Hojo3peBaeMoro skcrepra. VHbIMH ciio-
BaMH, HaM M3BECTHBI TOJBKO OLEHKH, KOTOpBIE BHICTABIIS-
€T Pa3IMYHBIM TTOKA3aTeIsIM aHATM3UPYEMOTro O0BEeKTa MOo-
JIO3pEBAEMBII KCIEPT, HO HEN3BECTHBI OLIEHKH JAPYTHX JKC-
neproB. TakuM 00pa3oM, B IaHHOM CiIydae peleHue 3a-
Jlau¥l JIOKaJIM3alii KOPPYILHK Ha OCHOBE CPAaBHEHUS OIle-
HOK pa3INYHBIX 3KCIEPTOB, KaK 3TO EIaJIOCh BHIIIE, HE-
BO3MOXHO. OTHAKO TTOCTABJIECHHYIO 33ady BCE-TaKH MOXK-
HO pemuTh. 151 3TOT0 Ha/Mo JUIIG B (hOpMYIIsIpe, Coaep-
HKAIIEM BBICTABJICHHBIC 3KCIIEPTOM OLEHKH, BBIIEIUTD JIO-
THYECKUE CIICACTBUS BUA

d(j) =k d(jy)=s,..d@i,) =} =d(i,)=t. (19)
Cnenctue (19) o3HauaeT, 4TO, UCXO/S U3 JIOTUKHU H
37IpaBOTO CMBICTIA, SKCIIEPT, OLEHUBIINK j| - TOKa3aTelb

HEKOTOPOro OOBbEeKTa OLIEHKOW k, j,-i TOKa3areib OLEH-
KOH §,..., j, -} IOKa3aTelb OLeHKOI [, Oyzer obs3an oue-
HHUTb j, -i TOKa3aTelb oueHKoi ¢ . Hampumep, ecin sxe-

MEpPT, OICHHUBAIOIINIA TPECTABICHHBI Ha KOHKYPC Hayd-
HBIH TIPOEKT, TIOCTABHJI €My BBICIIAE BO3MOXKHBIC OIICHKH
10 MokazaresisiM Buja «HaydHblil HHTEpeC 1eny ucciaenoBa-
HIs», «Pa3paboTka HOBBIX METOAOB HcCleNoBaHILD, «Ho-
BU3HA M OPUTMHAIBHOCTH PEUICHUN», « BayKHOCTH pe3yiib-
Tara i1 JAIBHEHLIETr0 pa3BUTUs Haykn», «Hanuuue Ha-
VYHOTO 3aJiea», «ANEKBaTHOCTh MOTEHIMANIa KOJUICKTH-
Ba IOCTaBJICHHOM 3ajJaye», TO OH 00s3aH MMOCTABUTh Ta-
KYIO0 K€ OIIEHKY 110 UTOTOBOMY ToKa3aTelto «JlocTouH u
MPOEKT MPUCYKICHUS TpaHTa». Eciu oH 3TOro HE nenaer,
3HAYUT, OH KOPPYMITMPOBaH, Oonee Toro, 03aboueH cBoel
JIESITETFHOCTHIO B JAHHOM HAIIPAaBICHUH HACTONBKO, UTO
moTepsu1 OMUTenbHOCTh. CUNTATh, YTO TMOJOOHBIC ACHUCT-
BUS DKCIIEPTOB TPOUCXOAAT M3-32 UX HEIOCTATOYHOHN KBa-
TU(UKANNAN, HEBO3MOXKHO, TIOCKOJIBKY JIOTHIECKH TPaMOT-
HBIE 3aKIFOYEHHUS, MOJOOHBIE TPHUBENCHHOMY, IOCTYITHEI
JaXKe IIKOJbHUKAM.

Bo03MOXHEI 7 IpyTHe MOIXOIBI K JIOKATM3ALNHA KOPPYM-
MMUPOBAHHOTO JKcrepra. Hampuwmep, ecim y Hac HET HU-
Kakoi MH(pOpMaIuK 00 KCTHHHOM 3HAYCHHU OIICHHBAc-
MBIX napaMeTpOB, TO MbI MOXEM HpOCTO BBIYUCJIIUTH HC-
KO€ «CpeHee» 3HAYeHHE KaKIIOTO M3 OLIEHWBAaeMbIX Ia-
paMeTpoB Ha OCHOBE OILIEHOK BCEX JKCIIEPTOB U OMpeje-
JIUTh TE€X KCIEPTOB (HAIPHUMEp, BBEIS MOPOT OTIINYHSA),
YbH OICHOK CHJIBHO OTJIMYAIOTCS OT ATHX CPCIAHUX 3HAYe-
HUI — THAX AKCIEPTOB MOXHO IO03PEBATh B KOPPYIIIIHN.
Ecnm sxe y Hac ecTh COOCTBEHHOE MPEICTABICHUE 00 OIICHH-
BacMBIX ITapaMeTpax, TO MBI CIIOCOOHEI CPAaBHHUTH OICHKH
9KCIEPTOB C HUM H TaK K€ BBIICIUTH KOPPYIIIHOHEPOB.
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Tabnuma 2 — DKcnepT-aHKeTa

HasBanue moxasarenst ITocraBieHHBIE OLIEHKH
Ne Bo3MOKHBIE OLIEHKHU ¥ OaJLIBI
1 skcnepr | 2 skcnepr
1 SlcHOCTD (hOPMYITUPOBKU HAYTHOTO COJEPIKAHUS IpenensHo sicHo — 1; 0 0
IPOEKTa Jlocratouno sicHo — 0; HesicHO — «—»
2 IpexacTaBnser 11 Hay4YHBIA HHTEPEC LEIb UCCIIEN0- BesycnosHo, na — 1; 1 0
BaHUs Ja, B u3BectHoii crenenu — 0; Het — «—»
3 IIpeanonaraercs a1 pa3paboTKa HOBBIX METOJIOB Ha—1; Her—0 1 0
HCCIeIOBAHHS
4 Hanu4ne HOBU3HBI pe/IaraeMoro rnojaxoaa u Ja—1; Her—-0 1 1
OPUMIMHAJILHOCTHU PEILECHUs
5 BaxHOCTB pe3yibTaTa UCCIeJOBaHUI BaxeH i nanbHeiero pa3Butis Hayku — 1; 1 0
IIpencrasmisier TOJIBKO CaMOCTOSITETBHBIN
uHrepec — 0
6 B03MOKHO 111 IPUMEHEHHE PE3YIIbTATOB UCCIIEN0- Ha—1;Her-0 0 0
BaHUH B y4eOHOM IIporecce
7 B03MOXHO 1T IPIMEHEHHE PE3YIIbTATOB UCCIIEI0- Hda—1; Her—-0 1 1
BaHUH B IPHKJIAJHBIX 00IaCTIX
8 Ectp 1 HayuHBIi 3a/1€J1 110 TEME MIPOEKTa Nmeercs, ectb myOnukanuu — 2; 2 2
Nmeertcs, myOnukanuii Het — 1
B 3asBke Het naHHbIX — 0
9 COOTBETCTBYET JIM MOTEHIIUAJ KOJUIEKTHBA YPOBHIO [la, 6e3ycioBHO — 2; 2 1
TTOCTABJICHHOM 3a/1a9un [a, B 3HaUNTENHHOM Mepe — 1;
Her, He cootBercTByeT — 0
10 JIOCTOMH 1T IPOEKT NMPUCYKACHUS TPAHTa Jla, 6e3ycioBHO — 2; 1 1
[a, B 3HaUNTENHHOM Mepe — 1;
Ipu Hanmuuu BosmoxHocTH — 0; Het — «—»

4 OKCIIEPUMEHTBI

B 2013 roxy Ha KoHKYpc rpanToB Beepoccuiickoro Ha-
yaHOTO (DOHIIA aBTOPOM B TOPSIKE IKCIEPUMEHTA OBLI
TIPEACTaBICH MPOEKT «MaTeMaTHIecKre METO bl aHAIHN3a
MIPOIIECCOB B YCIOBHUIX HEOIPEAEIEHHOCTI. [IpoeKT ObL1
otBepruyT ¢onnoM. ITo mpocsbe aBTOpa MpoekTa, HE CO-
ITIACUBLIETOCS ¢ TAKMM PEIICHUEM, Hay4HbIH (HOHI IpH-
Claj /IB€ KCIEpT-aHKEThI, COIEP KaBILUe Pe3yIbTaThl JKC-
MEePTU3bI POeKTa JByMs FKcnepraMu. DoHA OTKIOHUI Mpo-
€KT Ha OCHOBE STOM 3KCHepTH3bl. DKCIEpT-aHKeThl IpHBe-
JIeHbI B Ta0II1. 2.

5 PE3YJIBTATHBI

B npoBeneHHOM SKCIEpUMEHTE MBI UMEEM OpraHH3a-
LMOHHYIO CHCTEMY M3 M =2 3KCHEPTOB, OLIEHUBAIOIINX
JIMIIb OAWH OOBEKT — MPEJCTABIECHHbIH Ha KOHKYPC Mpo-
€KT, OLICHKa KOTOPOro MmpoucxoauT no n =10 mokasare-
JsiM. B COOTBETCTBHM C 3TUM MBI MOXEM NPUMEHUTH 00-
IIyI0 METOJWKY M3MEPEHHs, OOHAPYKCHHS M JIOKATH3AINH
Koppymiuu B cucreme (§ 3, mm. a—). IIpexae Bcero, mpen-
CTaBUM DPe3yJbTaThl pabOTHI SKCIIEPTOB U3 Tabil. 2, B CTaH-
JIapTHOH (hopMe MaTpUIIbI SKCIIEPTHBIX OLEHOK (2)

320111101221‘.

0001001211

Temepsr 1o mepBoii Gpopmyie (14) MBI MOXKeM HAWTH
MIOKa3aTellb kK OTHOCHTENBHOTO YPOBHS KOPPYIILIUH B CHC-
Teme. B maHHOM cilydae BXOZSIIME B 3Ty (HOPMYITy HIXK-
HAS @ 1 BEPXHSIA d TPaHUIBl JUana3oHa BO3-

Jjmin Jjmax
MOJKHBIX 3HAUYE€HHI ] -ro croyba MaTpHLbI B (T.e. I10-

Ka3aTens B j -i CTpoke Tabi. 2) paBHBIL:
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Amin =0, @imax =1 @2min =0, @omax =1

3min =0, @3max =1 @amin =0, d4max =1

asmin =0, @5max =1 dgmin =0, demax =1

A7 min = 0, A7 max = L agmin = 0, A8 max = 2;
A9min = 0, A9max =~ 2; A10min = 0, A10max = 2.
CHavasna BEIYHCIAM YHCIUATEND APOOH:
A=[0-0+[1-0[+[1-0[+[1-1|+]1-0| +
+0=0|+ |11+ 22|+ 2 -1]+[1-1| = 4,
a 3aTeM 3HaMeHaTellb:
B=(1-0)+(1-0)+(1-0)+(1-0)+(1-0)+
+(1-0)+2-0)+(2-0)+(2-0)=13.
B pe3ysbTare BRIYHUCICHUS TOTyYaeM
A 4
k=—=—=0,308=31%.
B 13
Wtak, moka3aTeb OTHOCUTEIHHOTO YPOBHS KOPPYII-
MU B cucteme paBeH 31%, 4To, KOHEYHO, OYEHb MHOTO.
Mertonom § 3 (1. b) pemmm 3agadqy oOHapy»KEHHs! KOp-
pymimn B cucreMe. BeibepeM B kadecTBe TIopora KOppyM-
ITUPOBAHHOCTH CHCTEMBI TAaKO€ 3HAUYECHHE IOKa3aTens k
OTHOCHUTENBEHOTO YPOBHS KOPPYNIUH B cucteMe: ky =5%.

TOF}Ia, TMTOCKOJIBKY PCaJIbHOC 3HAYCHUE IMOKA3aTEeIIsA k> kO:

JIeJIaeTCsl 3aKIF0UCHUE O HAJTMYUHU B CHCTEME KOPPYIIIIHH.
bonee Toro, mockonbky k >>k, (TouHee, k/ ko =6,2, ume-

em GoJiee YeM IIECTHKPATHOE MPEBBIIICHAE OTYCTHMOTO
YPOBHsI KOPPYIIIHHN), MBI BBIHYKICHBI TIPH3HATH, YTO YPO-
BEHb KOPPYIIIHH B CHCTEME HEIOITyCTHMO OOJBIION.
Teneps meromamu § 3, (1. C) pelIuM 3a7ady JOKaJIH-
3aI[MK KOPPYIILIUK B CUCTEME, T.€. ONPEAEIUM, KTO HMEH-
HO U3 2 UMEIOIIMXCS B CHCTEME YKCIIEPTOB KOPPYMITUPOBAH.
Bocmonb3yemcest IprHeMoM «CpaBHEHHE JIBYX DKCIIEPTOBY,
COIIaCHO KOTOpoMy caenaeM cienyromee. 1) Ilo dpopmy-
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nam (16), ucnonp3ysl UMEIOIYocsl MaTpully B , Haijaem
cpenHue 1o BceM 10 moka3zarensm onieHKH 1 U 2 akcnepra:

10
by = Dby, 10=(1-6+2-2)/10 = 1,0;
Jj=1

10 :
byep =2 by; /10=(1-4+2-1)/10=0.,6
j=1
2) ITo dopmyne (17) BeIUKCISIEM OTHOCUTEIBHOE pac-
XOXKACHUE MEX]y HallIeHHBIMU OLIEHKAMU:

5= |bl,cp _b2,cp /mm( bl,cp ’ b2,cp) =
=(1,0-0,6)/0,6 = 0,666 = 66,6%.

OTO OYeHb OOJIBIIOE PACXOXKACHHUE, CBUACTEIHCTBYIO-
1ee 0 TOM, YTO JIBa DKCIIepPTa OICHUBAIN OJUH U TOT JKE
MPOCKT IO Pa3InYHBIM CTaHIAPTaM.

3) Haznagaem moporoBoe 3HaueHHE O, IMoKazarens O ,

HPEBBIILIEHHE KOTOPOro OyAeM TPAaKTOBATh KaK CBUCTEIb-
CTBO KOPPYMITHPOBAHHOCTH OJHOTO M3 JBYX O9KCIICPTOB.
BosbmeMm §; =5%. Torna 8=66,6%>5%=9,, T.e. d>39,.

[TosToMy 3akimrodaeM, 4TO OJMH U3 JBYX IKCIIEPTOB KOP-
PYMIHpPOBaH — TOT, KOTOPHI JaBaj Ooiee HU3KUE OILEH-
KU TI0Ka3aTessiM MPOeKTa |, Kak CIIEICTBUE, 00JIee HU3KYIO
CPEIHIOI0 OIEHKY. JTo 3KcrepT 2. OCHOBaHUEM HaHHOTO
3aKITFOYCHUS CIY>KUT HH(POPMALIHS, 9TO IKCIIEPT 2 HE CBI3aH
C OIICHUBAEMBIM IPOEKTOM, TIOITOMY €r0 KOPPYMITUPOBaH-
HOCTb MOYET MPOSIBIISITHCS TOJILKO B CHU)KEHHUH J1aBaeMOM
€My OIICHKH C LIEJbI0 ero MmpoBajia. A Kak ke dKkcmepT 1,
OBITH MOXKET, XOTb OH ocTtaicsi yecTHbIM? [IpoBepum ero
paboTy ¢ MOMOIIBI0 HEKOTOPOTO BBIAEIEHHOTO U3 ero (op-
MYJISIpa OICHOK (CM. TaOJI. 2) JIOTMYECKOTrO CICICTBHSI TH-
na (19). B xauecTBe Takoro cieacTBHS BO3bMEM OYEBHII-
HOE YTBEpIKIACHHUE
{dyysdsy,dyy,dsydyydgy,dyyy = dygy s

B JIEBOM YaCTH KOTOPOTO CTOSIT BHICIINE BO3MOKHBIE OIICH-
Ku 2-ro, 3-ro, 4-ro, 5-ro, 7-ro, 8-ro u 9-ro mokxasarenei
MPOEKTa, IIOCTABJICHHBIE 1-M 3KCIIepTOM, a B IIPaBOil vac-
TH — JIOTUYECKU BBITCKAIOIIAsl U3 HUX BBICIIAs BO3MOXKHAS
orieHka o urorosomy 10-my nokazaremo. Ho 1-if skcnepr
HE BBIITOJIHWI 3TOTO AJIEMEHTAPHOTO TPeOOBAHUS JIOTUKU
¥ BMECTO TOJIOXKCHHOMN 3aKIIOYHTENbHON OLICHKH d), T10-

CTaBUWJI OLICHKY lel ", TaAKUM 06pa30M, 3aHNU3UJT OLUCHKY

utoroBoro 10-ro mokazatens BaBoe. IMEHHO OATOMY €ro,
KaK M 2-TO 3KCIepTa, cielyeT CUUTaTh KOPPYyMIIUPOBaH-
HBIM, XOT$I, BO3MOKHO, U HE B TaKOW CTENEHH, IIOCKOJIBKY
OOJIPIIMHCTBO HENTOTOBBIX TTOKa3aTeNeil OH He 3aHU3HIL.
Wrak, Hayra BHIOpaHHBIN NPOEKT, TOAAHHBIN B ITOPS-
K€ SKCIIEPUMEHTa Ha KOHKypc IpaHToB Beepoccuiickoro
Hay4HOTrO (pOHIa, OKA3aJICsl Ha TIPOBEPKE Y Maphl SKCIEp-
TOB, KOTOpBIE 00a JTOIKHBI OBITH MPHU3HAHBI KOPPYMIIHPO-
BaHHBIMH. UnTaTelb, UyBCTBYIOIINI CTATUCTHYECKHUE 3aKO0-
HOMEpPHOCTH, BEPOSITHO, COITIACUTCS C TE€M, UTO JIOBEPUE K
TakoMy (DOHY HOJDKHO OBITH IOCTABIICHO MO COMHEHHE.

6 OBCYXJIEHUE
BrImonHeHHBIE PacUeThI TTO3BOIMIIHN PEIIUTE 331a9d W3-
MepeHHs, OOHaPY>KEHUS U JIOKAJIM3AUH KOPPYIIHH B Op-
TaHU3allMOHHOM CHUCTeMe, 3aHMMAIOLLEHCS pacpe/IesIeHU-
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€M TPaHTOB HA Hay4HbIC MccienoBaHus. [Ipu 3ToM He mc-
M0JIb30BAJINCh METOIBI MATEMATUYECKOM CTATUCTHKH, YTO
SIBIISICTCS TPAAWUIIMOHHBIM TIPH HCCIICTOBAHUH JTIOOBIX CTO-
XaCTHYCCKHUX CHUCTEM, B TOM YHCJIC U OpFaHI/ISaHI/IOHHBIX.
bnaronmaps 3Tomy yaanock u3bexars TpyJHOCTEH, CBA3aH-
HBIX C BO3MOXXHOHM IOTEPEN CTaTUCTUYECKUMHU OLICHKaMH
Pa3IMYHBIX MMOJIC3HBIX CBOMCTB (HAIPHUMEpP, HECMEIICHHO-
CTH) TIpU UX MpeoOpa3oBaHusaX. J[pyrum nmpenMyIiecTBOM
MIPUMEHEHHOTO B CTaThe YMPOIIEHHOTO JETEPMHUHUPOBAH-
HOTO I0/IX0/1a K KOJIMYECTBEHHOMY M3YYEHUIO KOPPYIILIH-
OHHBIX MPOLECCOB SIBJIAETCS BO3MOKHOCTb IPUMEHEHUS IS
BBINOJIHEHUS] BBIYUCIMTENIFHOTO MpOLIEcca MPOCTHIX, XOPO-
10 M3BECTHBIX NMPHUEMOB BBIYHCIUTEIEHOW MATEMAaTHKH.
Haxoner, 1aHHBIN MOAXO K BEIYMCIEHUSIM METOANYECKU
MIPOIIIe, YeM CTATHCTUIECKUE TIPOLIEAYPHI.

3AK/IIOYEHHUE

Koppynuust — 6onpiioe 370 B COBPEMEHHOM JKU3HU
MHOTHX CTpaH. B oueHb OONbIION CTENeHH 3TO OTHOCHTCS
u Kk Poccun. OnHako ciioxuBlIeecs IOJIOKeHHe He Oe3Ha-
nexHo. Koppymimonepsl, kak Obl OHM HH CTapajvch, BCe-
IJla OCTaBJISIIOT CJIEJbl CBOCH MPECTYNHOM IeATENbHOCTH.
Ocraercs JIUIIb, TPUMEHSS TTOIXO/SIINE METOBI, BKIIIO-
Yas MaTeMaTH4YecKHe, pacimm@poBaTh 3TH CIENbl U HC-
MOJIb30BaTh PE3yJbTaThl B OOpHOE C YTrPOXKAIOIMIAM HaM
BCEM 3710M. /151 3TOro He 00s13aTebHO HOKHUIATHCS, KOT/Aa
B 00pBOY BCTYIIHT TOCYIAPCTBO — €My ATO CAEIaTh OYCHb
TPYIHO, IIOCKOJIBKY TOCYJApEBbI JIFOAU — YNHOBHUKH CaMU
4acTO KOppyMIIMpOBaHbl. 1 BlepBble MpeICTABICHHBIC B
HaHHOﬁ CTaTb€ MPOCTHIC MATEMATUYCCKUEC METOJbI, OCHO-
BaHHBIE HA JICTEPMHUHUCTCKOM TMOAXOJE, MOTYT BHECTH
CBOM BKJIaj B 9Ty 00sacTh. [IpeanokeHHbIi OAX01 MOXKET
OBITH pacrpocTpaHeH Ha OpPraHU3alMOHHBIE CHCTEMBI 00-
nee o0IIeTo BHa, YeM PacCMOTPEHHBIC B HACTOSIIIECH CTa-
ThE, COCTOSIIIE HE TOJILKO U3 3KCIIEPTOB.
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VK 51-77
MATEMATHUYHI METOJH I MOJEJII BABYEHHS KOPYIILIi B OPTAHIZALIMHAX CUCTEMAX
Jlein B. U. — 1-p TexH. Hayk, npodecop kadenpu MareMaTHKU [IeH3eHCHKOTO IepiK. TeXHOJIOriYHOro yH-TY, [lensa, Pocis.

AHOTAIIIA

AxTyansHicTh. B mponeci GyHKIIOHYBaHHS pi3HHX OpraHi3alliifHUX €KCIIEPTHUX CUCTEM — €KOHOMIYHHUX, COLalbHHUX, BOECHI30-
BaHMX — BUHHUKA€E 3aBIAaHHS BUSBIICHHS, JIOKANi3allii Ta BUMIpIOBaHHS piBHS KOpymiii B cuctemi. Lli 3aB1aHHS BUPINIyIOTH Ha OCHOBI
PI3HOMaHITHHX JaHUX, OJCP’KYBAaHUX B XOIIi CIIOCTEPEKEHB 1 eKCIIEPUMEHTIB HaJl cCHCTeMOr0. OTHaK €IMHOT METOINKH 00poOKH iHpOp-
Marii 3 METOI0 BUPIIICHHs 3a3HAaUYCHHUX 3aBIaHb HE icHye. B po0oTi 3ampornoHoBaHa Taka METOAMKA, 3aCHOBaHA HA MOPIBHIHHI OIIi-
HOK OZIHHX 1 THX )K€ TOKa3HHKIB OL[IHIOBAaHUX 00’€KTIB, 5IKi JAIOTh PI3HUMHU SKCIEPTaAMHU..

Mera crarTi. Meroro crarTi € po3pobka moBHiCTIO (OpMaizoBaHOr0 METOIY BHSIBICHHSI, JIOKaNi3allii Ta BUMIPIOBAHHS PiBHS
KOpYIILii B OpraHi3aiiifHiii CHCTEeMI, 1110 CKIIQJAEThCS 3 EKCIIEPTIB, HA OCHOBI OIIIHOK, 5K IaI0Th 00’ €KTaM.

MeTopa. 3anpoNIOHOBaHMH B CTATTi METOJ HOJISITAE B ITOJJAHHI OpraHizaliiHOT CUCTEMHU 3 M eKCIEePTiB, sIKa IPOBOAUTD EKCIIEPTH-

3y 00’€KkTa 3 N IOKa3HHKAMH, 32 JIONIOMOror0 (M x n) -MaTpuli B = "bij " Tyt bjj — ouiHka, JaHa i -M EKCIIEPTOM -My [OKa3HUKY

06’exta. [Ipu 11boMy cucTeMi 3 inealbHUMHU (HEKOPYMIIOBAaHUMH) €KCIIEPTAMH BIANOBIga€ MaTpuisl B 3 piBHUMH enemeHTamu B Oy1b-
SIKOMY CTOBIIIIi 1, BIMOBITHO /IO LILOT'0, 3 CIIBIAaAI0YMMHK psiIKaMu. B cucteMi 3 HEOCKOHATMMH (KOPYMITOBAHUMH) €KCIIEPTAMU MaT-
puirt B He Bonozie Takoro BiacTuBicTio. Lle m03BOIIsIE BBECTH IMOKA3HUK aOCONIOTHOTO PiBHS KOPYMIIi B CUCTEMI SIK CyMy BifcTaHeH
MiX pe3yibTaTaMy eKCIEPTH3H Y PI3HUX EKCIEPTiB.

Pe3yabTar. OTprMaHO 3aranbHAI aHATITUYHHUN BHPa3 MOKA3HUKA aOCOIOTHOTO PiBHA KOPYMIii B CHCTEMax 3 JOBUIBHEMH B,m
i n. 3HaiiieHO MakcUMaJIbHE MOXKIMBE 3HAYCHHS LbOTO MOKAa3HUKA. JaHO alrOpUT™ BHSBJICHHS KOPYIILi B OpraHi3aliiHiX cHcTeMax,
3aCHOBAaHMH Ha TOPIBHSIHHI 0OYMCIEHOr0 abCONIOTHOrO PiBHS KOPYIHLii Ta HOro rpaHMYHO JOIYCTUMOTO piBHs. BupimeHo Takox
3aBJIaHHS BHSBJICHHSI KOPYIILIl B CKJIaAHIN CHCTeMi, Jie eKCIepTH3y HNPOXOAATh 00’ €KTH 3 KiNbKOMa Moka3Hukamu. HaseneHi mpu-
KJIa/I1 BUSIBJICHHS Ta BUMIPIOBAHHS KOPYIILII B peajibHUX eKCIEPTHUX CHCTEMaX.

BucHOBKH. 3anporOHOBaHO HOBUH MiIXiA 0 MAaTEMAaTHYHOIO MOJEIIOBAHHS KOPYIIIIHHUX MPOLECIB B OpPraHi3allifHNX €KCTIEPTHHUX
CHUCTeMax, 3aCHOBaHWI Ha BUKOPHCTaHHI MAaTPHUI OIIHOK Pi3HMX MOKAa3HUKIB OL[IHIOBAaHUX 00’ €KTIB eKcriepTaMu cuctemu. Lleit miaxin,
Ha BiJIMiHYy BiJ IPaKTHKH, L0 CKJIAJIaCs, T03BOJISIE MiIXOIUTH OJHAKOBO 10 BUPILICHHs Pi3HUX 3aBJaHb BUBYCHHS KOPYMLIl B CHCTE-
Max [pOro THity. Taki 3aBIaHHs BUSIBJICHHS, JIOKaTi3allii Ta BUMipIoBaHHs KOpymiil. HanpsMmox B 1ijioMy Ha3BaHO KOpPyMETpieid.

KJIFOYOBI CJIOBA: kopymiisi; MaTeMaTHYHE MOJICITIOBAHHS; BUSBIICHHS, JIOKaJi3allis 1 BUMIp KOpYIIIii; opraHiaiiiina cuc-
TeMa; eKCIepTHU3a.

UDC 51-77
MATHEMATICAL METHODS AND MODELS FOR STUDYING CORRUPTION IN ORGANIZATIONAL SYSTEMS

Levin V. I. — Doctor of science, Professor of Mathematical Department of Penza State Technological University, Penza,
Russia.

ABSTRACT

Context. In the process of functioning of various organizational expert systems — economic, social, militarized — the task of detect-
ing, localizing and measuring the level of corruption in the system arises. These tasks are solved on the basis of various data obtained
during observations and experiments on the system. However, there is no single method for processing information to solve these prob-
lems. This paper proposes such a technique, based on a comparison of assessments of the same indicators of evaluated objects, given
by various experts.

Objective. The purpose of the article is to develop a fully formalized method for detecting, localizing and measuring the level of
corruption in an organizational system consisting of experts, based on the assessments given to objects.

Method. The method proposed in the article consists in the presentation of an organizational system of m experts conducting an

examination of the object with n indicators by means of a (mxn) -matrix B = "bij " . Here bj; — is the assessment given by the i -th
expert to the j-th indicator of the object. In this case a system with ideal (non-corrupted) experts corresponds to a matrix B with equal

elements in any column and, accordingly, with matching lines. In a system with non-ideal (corrupt) experts, the matrix B does not have
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this property. This allows you to enter an indicator of the absolute level of corruption in the system as the sum of the distances between
the results of the examination of various experts.
Result. A general analytical expression is obtained for absolute level of corruption in systems with arbitrary B,m and n . The max-

imum possible value of this indicator is found. An algorithm for detecting corruption in organizational systems is given, based on a
comparison of calculated absolute level of corruption and its maximum allowable level. The problem of detecting corruption in a com-
plex system, where objects with several indicators pass the examination, is also solved. Examples of detecting and measuring corrup-
tion in real expert systems are given.

Conclusions. A new approach to mathematical modeling of corruption processes in organizational expert systems, based on the use
of a matrix of assessments of various indicators of evaluated objects by different experts of the system, is proposed. This approach, in
contrast to the established practice, allows us to find uniform solutions of various problems of studying corruption in systems of this
type. These are tasks of detecting, localizing and measuring corruption. The direction as a whole is proposed to be called corrumetry.

KEYWORDS: corruption; mathematical modeling; detection, localization and measurement of corruption; organizational sys-
tem, expertise.
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CPABHUTEJIbHBIN AHAJIU3 JIBYX CUCTEM MACCOBOI'O
OBCJIYKUBAHUA M/HE,/1 C OBBIYHBIMH U CO CAIBUHY THIMU
BXO/JHbIMMU PACIIPEJAEJIEHUAMHN

TapacoB B. H. — 1-p TexH. Hayk, nmpodeccop, 3aBeayronuii kadenapoil mporpaMMHOTo 00ecriedeH s U yIpaBlIeHUs
B TEXHHUYECKHX cHcTeMax IIOBOMDKCKOrO rocylapCTBEHHOTO YHHBEPCHTETa TEIEKOMMYHHKAUWH W HWH(OPMATHKH,
Poccus.

Baxapesa H. ®@. — 1-p TexH. Hayk, mpodeccop, 3aBeayromas kadeapoid HHGOPMATHKH U BEIYUCIUTCIBHON TEXHUKH
[ToBOMKCKOT0 rOCYTAPCTBEHHOTO YHHUBEPCUTETA TEICKOMMYHUKAIMKA U nHGOopMaTuku, Poccus.

AHHOTAIUA

AKTyalIbHOCTB. B Teoprn MaccoBoro o0CITy)KHMBaHHUS HCCIICAOBAHUS YaCTHBIX cUcTeM TUma M/G/1 akTyanbHBI B CBSI3H C TEM,
YTO OHM JI0 CHUX IIOP aKTUBHO HCHONB3YIOTCS B COBPEMEHHOW Teopuu Tenerpaduka. PaccMoTpeHa 3amada BBIBOAA pELISHHsS UL
CpEIIHEro BPEMEHU OXKUIAHMS B OUEpeN B 3aMKHYTOH (hOpMe IBYX CHCTEM C OOBIYHBIMHU M CO CABUHYTHIMH KCIIOHCHITHATEHBIMU H
THIIEPIPIaHT OBCKUMH BXOJAHBIMH PacIIpe/IeNICHUSIMU.

Leab padotel. [TonyyeHnue pemeHus A1 OCHOBHOW XapaKTEPHCTHKH CHCTEMbBI — CPEJHEr0 BPEMEHH OXHAAHHS TpeOOBaHHUH B
ouepeaH Uil IBYX cucteM MaccoBoro obcmyxuBanust Tuna M/G/1 u G/G/1 ¢ 0OBIYHBIMU ¥ CO CABUHYTHIMHU IKCIIOHEHIUATBHBIMU U
TUIEP3PIAHTOBCKUMHU BXOJAHBIMH PaCIIpeIeNICHUsIMU.

Metoa. [lns pemieHus MOCTaBIEHHOM 3a7jaud MCIOJIb30BAH KJIACCHUECKUH METOJ| CIEKTPAJIbHOIO Pa3IOKEHHs PEIIeHUs] UHTe-
rpanbHOTO ypaBHEHUS JInHMTH. JIaHHBIM METOA MO3BOJSET MOTYyYUTh PEHICHHE ISl CPEIHEr0 BPeMEHH OXKHAAHMS IS paccMaTpH-
BaeMBIX CHCTEM B 3aMKHYTOH (opme. MeToJ CHeKTpaJbHOrO pa3iioKEHHs PELICHHs MHTErpalbHOro ypaBHeHus JIMHmmm urpaer
Ba)kKHYIO poib B Teopun cucteM G/G/1. st mpakTH4ecKoTo MPUMEHEHHs TIOJIyYeHHBIX Pe3yIbTaTOB NCIIOIb30BaH U3BECTHBII METO
MOMEHTOB TEOPUH BEPOSITHOCTEIA.

Pe3yabTathl. [loayueHb! CrieKTpanbHbIe pa3iioKEHHs PEIICHHs] HHTErPAILHOTO ypaBHeHUs JIMHIUIH JUTs ITapbl CHCTEM, C TIOMO-
IbI0 KOTOPBIX BBIBEJICHBI PACUECTHBIC BBIPAKECHHS JUIS CPEIHEro BPEMEHH OXHUJAHUA B ouepend B 3aMKHyToH dopme. CasuayToe
IKCIIOHEHIHAIBHOE pacnpereieHue Tpanchopmupyer cuctemy M/G/1 B cucremy G/G/1.

BoiBoabl. [lomydeHb! ClieKTpanbHbIE pa3loKeHNs PEIICHNs] HHTETPAbHOTO ypaBHEHUS JIMHAIM Ul paccMaTpUBaeMBIX CHCTEM
1 C UX MOMOIIBIO BBIBEJICHBI PACUCTHBIC BBIPAKCHUS A CPEJHEr0 BPEMEHH OXHAAHHS B OYEPEIM JUIS 3THX CHCTEM B 3aMKHYTOH
(dopme. OTH BBIPAKEHUS PACIIUPSIOT U JOIONIHSIOT H3BECTHBIE (DOPMYJIIBI TEOPUH MacCOBOTO OOCITYKHBAHUS ISl CPEIHETO BPEMEHH
oxuganus st cucteM M/G/1 u G/G/1 ¢ npon3BOIBLHEIME 3aKOHAMH pacIpe/ielIeHHi BXOJIHOTO II0TOKAa X BPEMEHH 00CITyKHBaHHSI.
Taxoif HOAXO/ ITO3BOJISICT PACCUNTATH CPEAHEE BPEeMsl OXKHUAAHMS JUIS YKa3aHHBIX CHCTEM B MaTeMAaTHIECKHUX MaKeTax JUIsl ITHPOKOTO
JMaria3oHa U3MEHEHHMs HapaMeTpoB Tpaduka. Bece ocTaibHble XapaKTEPUCTHKU CHCTEM SIBIISTFOTCS IPOM3BOIHBIMU OT BPEMEHU OXKH-
JIaHUsL.

Kpome cpennero BpeMeHH 0XXKUIaHUS, TAKOH MOAXOM AA€T BO3MOXKHOCTb OMPENEIUTh X MOMEHTHI BBICIIMX MOPSAAKOB BPEMEHH
OKHJAHUA. YUUTBIBas TOT (DakT, 4TO BapHaIMs 3aJepP>KKU MAKETOB (JUKUTTEP) B TEJIEKOMMYHHKAIMAX OINpPEAENsAeTCs Kak pa3opoc
BPEMEHH OKHIAHHA OT €r0 CPEIHEro 3HAUCHNUS, TO [PKUTTEP MOXKHO OyIET ONPEaennTh Yepe3 JUCIEPCHIO BPEMEHH OXKHIaHMS.

Mertoz CIEKTPaTbHOTO PA3IOKEHUS PEIICHUs] HHTETPAIbHOTO ypaBHEHUS JIMHIIN [T paccMaTPHBAaeMBIX CHCTEM MO3BOJISET
TIOJTyYUTh PEelIeHHe B 3aMKHYTOH (hOpMe U 3TH HOJTydeHHbIE peIIeHHs Iy OINKyeTCs BIIEPBBIC.

KJ/IIOYEBBIE CJIOBA: runepspiaHroBCKUi U 9KCIOHCHIUAIBHBIN 3aKOHBI paclpeeleHus, CABUHYThIC PACIIpPEIe/ICHHs, UH-
TerpajabHOe ypaBHeHHE JIMHIIM, METO/ CIEKTPAJIBHOIO Pa3ioxeHus, npeodpasosanue Jlamiaca.

COKPAIIEHUA
MNVYJI — unrerpanbHoe ypaBHeHue Jlunanu;
CMO - cucteMa MaccoBOTO 00CITy)KHBaHHS;
OPB — ¢yHKIus pacnpenesieHnst BEpOSTHOCTEH.

HOMEHKJUIATYPA

a(t) — ¢dyHKOMA IUIOTHOCTH paclpeaeieHus HHTepBa-
JIOB MEX]ly OCTYIUICHUSIMH TpeOOBaHH;

A*(s) — npeobpasoBanue Jlamnaca Gpynkuuu a(t);

b(t) — pyHKIMA MWIOTHOCTH pachpeneieHus BPEMEHU
00CITyKMBaHHUS;

B*(s) — mpeobpasoBauue Jlamiaca ¢pyukimu b(t);

C, — Ko3((HULIMEHT BapHalMM MHTEPBAJIOB IOCTYII-

JIeHn# TpeboBaHuii;

Cu — ko3 duneHT Bapualu BpeMeHn 00CIyKHUBa-

HUS,
Dy — MCIIEPCHS BPEMEHHU OXKUIaHUS;
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H, — runepskcnoHeHMaIbHOE paclpeaeIEeHUe BTOPO-
ro NOpsJKa;

HE, — caBuHyTOE rUNep3piaHroBCKoe pacrpeeieHue
BTOPOTO TNOPsJIKA;

HE> — rumepspiiaHroBcKO€ pacnpeiecHiue BTOpOoro
MOpsAKa;

G — nMpoU3BOJIbHBIN 3aKOH pacipe/IesICHuUs;

M — 3KCIIOHEHIMATIBHBINA 3aKOH paclpeiesieHus;

M™ — ciBUHYTOE SKCIIOHEHLIMAJIBHOE pacipeieieHue;

W — cpenHee BpeMs OKMIaHUA B OUEPEIH;
¥

W (s) — npeobpaszoBanue Jlamaca QpyHKIUH MIIOTHO-
CTH BPEMEHH OXKUJIaHHMS;

W (y) — ®PB Bpemenu oxunanus TpeboBaHUs B 04e-
peau;

Z — moboe yncio u3 uurepsana (-1, 1);

A — HHTCHCHUBHOCTH BXOJIHOIO IIOTOKAa — IIapamerp
9KCIIOHCHIIMATIBHOTO PaCIpeIe/ICHHS;
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W) — TIEpBBIif MTapaMeTp THIEPIPIAHTOBCKOTO paclpe-

JeTICHUs] BpEMEHH OOCITyKUBaHHUS;
My — BTOPOH MapaMeTp THIEPIPIAHTOBCKOTO pacipe-

JICIICHHSI BDEMEHHU 00CITyKUBAHNS;
p — k03 GUIMEHT 3arpy3KH CUCTEMBI;

T, — CPeIHHMH MHTEpBaJl MEXAY MOCTYIUICHUSIMHU Tpe-
OOBaHMIA,
?)% — BTOpPOM HAYaJbHBI MOMEHT MHTEpBaJla MEXIY

MTOCTYIUICHUSAME TPEOOBAHMIA;
T, — CpenHee Bpems 00CITy)KUBaHHS;

— BTOPOI HaYalbHBI MOMEHT BPEMEHHU O0CITyXH-

BaHMUS;
@, (s) — mpeobpazopanue Jlannaca ©PB Bpemenu

OXKHIAHUSL;
v, (S) — mepBas KOMIIOHEHTA CHEKTPAILHOIO Pa3yio-

JKEHUS;
\y,(s) — BTOpasi KOMIIOHEHTa CIEKTPaIbHOIO pasiio-

KCHUA.

BBEJIEHUE

Hactostmass crathsi mocBsimieHa anamuzy CMO
M/HE,/1 ¢ OOBIYHBIMH M CO COBUHYTHIMH 3KCIIOHCHITU-
anepHeIMA (M) u runepapianrosckumu (HE,) BXonHbMu
pacripeneneHusiMi. B OTKpBITOM JOoCTyne aBTOpaMm He
yIaJI0Ch OOHAPYKUTH PE3YINBTATHI AJISI CPETHETO BPEMEHHI
oxumaHus TpeboBaHuil B oueperau B Takux CMO. Kak
W3BECTHO M3 TEOPUH MAaCCOBOTO OOCIYXHMBaHUS, CpEIHEE
BpeMsI OXHJAHUS SBISETCS TJIaBHOM XapaKTePUCTUKOM
g mo0eix CMO. Tlo 3T0i XapakTepuCTHKE, HAIpUMeED,
OIIGHUBAIOT 33/ICP’KKU MTAKETOB B CETIX MAaKETHON KOMMY-
TaIlMM NpH UX MojaenanpoBaHuu ¢ nomoimeio CMO. Pac-
cmarpuBaemas CMO M/HE,/1 ¢ oObraHBIME pacmpeaeie-
HUSIMU TI0 BBeJleHHOW KeHmamioM Tpexmo3uimoHHON
cUMBOJHKe JUIs uX kinaccupukamun A/B/K otHocuTcs K
tury M/G/1, a 3ta ke CMO co COBUHYTBIMU pacrpejie-
nernssMu—K tury G/G/1. B TpeXno3nuoHHON CUMBOJIMKE
B IIEPBOH TO3UITNH 3a/1aeTCS BHJ 3aKOHA PacIpeeleHHs
HHTEPBAIOB MEXAY TPeOOBAHUIMHU BXOJHOT'O TIOTOKA, BO
BTOPOW TTO3UIMN — BHJ 3aKOHA PACIIpPEICIICHISI BPEMEHH
obciy)kuBaHUS TPeOOBAaHUHA M B TPEThEH MO3WINH — KO-
JUYECTBO KaHAJIOB 00CTyKHBaHUS.

B Teopun maccoBoro o0CITy)KHBaHHS WCCIIEIOBAHUS
cucreM G/G/1 m M/G/1 akTyaibHBI B CBSI3H C TEM, YTO
OHHU aKTHBHO HUCIOJIB3YIOTCS B COBPEMEHHOH TEOpHHU Te-
nerpaduka, K TOMY K€ J0 CHX IOp HE CyIIECTBYET pelle-
Hust Ui cucremsl G/G/1 B KOHEYHOM BUjIE ISl OOIIETO
ciryyast.

B nccnenoanuu cucrem G/G/1 BaxHYIO poib HTpaeT
METOJ CTIEKTPATHHOTO PA3JI0KEHHUS PEIICHUS HHTETPAIb-
HOTO ypaBHeHHUs JIMHIIHM ¥ OONBIIMHCTBO PE3yJIBTATOB B
TEOPUH MAacCOBOTO OOCITY)KMBaHUS IOTy4eHBl NMEHHO C
ITOMOIIIBIO JAHHOTO METOAA.

O0bexTOoM mcciaenoBanust sBmiercs CMO Tuma
M/G/1 u G/G/1.
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IIpeameTom Mccaeq0BaHMS SBISIETCS CPEIHEE BPEMsI
oxumanus B cucremMax M/HE,/1 ¢ 0OBIYHBIMH U CO CIABHU-
HYTHIMU BXOJHBIMU PACIPEACICHUIMHU.

Leabo paGoThl sBIAETCS IONYyYCHHE PEIICHUS B
3aMKHYTOH (opMme Ui OCHOBHOHM XapaKTEPUCTUKH CHUC-
TEMBI — CPE/IHETO BPEMEHH OXKHJIaHUsI TpeOOBaHUI B oue-
penu ans BeienepedncieHHsix CMO.

1 IIOCTAHOBKA 3AJTJAYHN

B pabote aBropa [1] BIiepBbIe IpHBEACHBI PE3yJib-
TaThl MO HCCIEAOBAHUIO CHCTEMBI CO CABHHYTBIMH JKC-
MOHEHIMATBHBIMI BXOJHBIMH PacIpeeICHUSIMU, TOIY-
YEHHBIE C IOMOLIBIO METO/A CHEKTPAIbHOIO PA3IOKEHUS
pemeHust uHTErpanpHoro ypaBHeHus Jluamm (UYJD).
PesynbraTel paboTsl [1] MO3BONSIOT pa3BUTH TEOPHIO CHC-
TEM C 3ama3/blBaHAEM BO BPEMCHH TaKKe HA TUIEPIP-
JIAHTOBCKOE pacipe/ieeH e,

Opnna u3 popm UYJI BEIMIAONT Tak:

W(y)- _};W(y—u)dc(u), y>0;

0, y <O0.

IIpy xpaTKOM H3JI0XKEHHH METOJA CIEKTPaJIbHOIO
paznoxkenust pemenuss WYJI Oynem mnpuiepxuBatbest
MOJIX0J]a M CUMBOJIMKH aBTOpa KJIACCHKH TEOPHH Macco-
Boro obciyxwuBanus [2]. Cyre pemenns UYJI metogom
CHEKTPAJIBHOTO PA3JIOKEHUSI COCTOMT B HAXOXKACHHH
3aKOHA PAaCIPEAEICHUs] BPEMEHU OXXKUAAHHUS 4epe3 Clie-
Jytomiee CHEKTPATIbHOE pasJioKeHue:

A*(=s)-B*(s)~1=wy, (s)/y_(s), rme v, (s) u y_(s)
HEKOTOphIE pAllMOHANbHBIE (YHKIMH OT S, KOTOpBIE
MOXHO PasloOXUTh Ha MHOXHTenH. OyHKIMN v, (S) 1
y_(S) JMOIKHBI yIOBIETBOPATE CICLYIOUIAM YCIOBHSM

corjacHo [2]:
— st Re(s)>0 ¢ynkuus y, (S) sBusercs: aHa-

TUTHYECKOH 0e3 HyJIeH B ATOH MOTYIIIOCKOCTH;
— s Re(s)<D dynkums y_(S) sBusiercs aHa-

(M

JTUTHYECKOH 6e3 HyJIeH B 3TOH MONYIUIOCKOCTH, T/Ie
D — HekoTopas MOJOXUTENbHAsE KOHCTAHTA, OIpe-

a(t)

JensgeMast U3 yCIoBHs: lim —=2- < oo.
towe” Dt
Kpome Toro, ¢yskmun . (S) u y_(S) KomKHEI

YIOBIIETBOPSITH CIICIYIOLINM YCIOBUSIM:

vy (s)

s>, Re(s)>0 S

; im Wﬁ(s):—l. 2)
s>, Re(s)<D S
B pabore craButcs 3a1a4a HaXOXK/JICHUS PEILICHUS IS
BpEMEHM OXHUJIaHMs TpeboBanuii B ouepequ B CMO
M/HE,/1 ¢ OOBIYHBIMH W CO CABHHYTHIMH BXOIHBIMH
pactpeneneHuAMH. [ pemieHust 3ajaud HEOOXOANMO
BHayaJle MOCTPOWTH Ul YKa3aHHBIX CHCTEM CIEKTpallb-
HBIE pas3noXKeHUs BUA
A*(=s)-B*(s)-1=wy, (s)/y_(s) ¢ yderom ycmosmii

(1), (2) B kaxxgoM ciydae.
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2 JUTEPATYPHBIIN OB30P

MeTol CHEeKTpaIbHOTO PA3IOKEHHsI PEIICHUs WHTE-
rpajbHOTO ypaBHEHUs JIMHIIU BIIEpBhIC OAPOOHO Mpe/I-
CTaBJICH B KJIACCHKE TCOPHH MACCOBOTO OOCITY>KUBAHHUS
[3], a BHOCIIEACTBUU MPHUMEHSUICS BO MHOTHX padoTax,
BKimtoyas [4,5]. AHanoruusblil nojaxox k pemenuto UYJI
HCTOJIB30BaH B [6]. 3mech BMECTO TEPMHHA «CIIEKTPalb-
HOE Pa3NIOKEHHe» HCIOJIh30BaHA (paKTOpHU3alHsA, a BMe-
cro pyHKuMit v (s) M y_(S) — KOMIIOHEHTBI (hakTopu-

san ©, (Z,t) 1 o_(z,t) dyskumn 1-z2-y(t).

Takol TOIXOX AJIS TIONyYeHHs] KOHEUHBIX pe3yibTa-
TOB JUISI pacCMaTpUBAaeMBIX CHCTEM MeHee ynoOeH, uem
MOJXO/, ONMHCaHHBIM B [3] M HPOMIITIOCTPUPOBAHHBIN
MHOTOYHCIIEHHBIMU TTPUMEPaMHU.

B pabore [1] BHepBbIe MPEACTABICHBI PE3YJILTATHI
anamu3za CMO M/M/1 ¢ 3ana3ibIBaHUEM CO CIBHHYTHIMH
SKCIIOHEHIMAILHBIMU pactpeneneHusmMu. B [2] ata unes
pa3BUTa HA CUCTEMBI CO CIBUHYTHIMU THIICPIKCIOHCHIIN-
aTbHBIMA ¥ OKCIOHCHIUANGHBIMA PaCIpPEICICHUIMH.
AHaNIOTHYHEIE Pe3yIbTaThl ISl CHCTEM ¢ OOBIYHBIMHU U CO
CABHHYTHIMH THIIEPIPIAHTOBCKUMH, JPJIAHTOBCKHUMH H
SKCIIOHEHINAJIBHBIMI BXOJAHBIMU pacIpeleleHUsIMH TIpH-
BelleHHI B [§, 9].

[IpakTuieckoe mpUMEHEHHE METOJla CIEKTPATbHOTO
paznoxenus pewenus MYJI qiis uccnenoBaHus CUCTEM C
TUTNIEPIKCIIOHEHIIMABHBIMA M DKCIOHEHUIUATbHBIMU
BXOJHBIMHU pacIpefeseHIsIMA Toka3aHo [7]. B 1o xe
BpeMsl, HAy4HOW JMTepaType, BKItouyas web-pecypchl,
aBTOPY HE yJAJIOCh OOHAPYKUTH PE3YJIBTATHI [0 BPEMCHH
oxuganus 11 CMO ¢ 5KCIOHEHIMANbHBIMU U THIIEPIP-
JIAHTOBCKUMH BXOTHBIMHU PaCHpeACTICHUSIMH 2-TO TOPSI-
Ka o01ero Bujaa.

TexHONOTHH ammpoOKCHMAIMK 3aKOHOB pacIpeenne-
HUH noapoOHO ommcaHsl B pabotax [11-13], a moxoxue
HCCIICOBAaHMUSI B TEOPHH MAacCOBOTO OOCITY)KHBaHHSA B
nocjenHee BpeMs poBeaeHs! B [14—-17].

3 MATEPUAJIbBI U METO/IbI
Paccmorpum CMO M/HE,/1, mns koTtopod 3aKOHBI
pacripeiesieHiss BXOJHOTO MOTOKa M BPEMEHU OOCITyKH-
BaHMSA 331a10TCS (PYHKIMSIMH IUIOTHOCTH:

alt)=2e™, 3)
bit)=4quite Mt +4(1—q)uite 22t @)

3anumem mnpeoOpasoBanus Jlaruaca dynkumit (3) u

(4):

2 2
'y 2 2
pe)= s o) 2| a2

B »TOM ciydae BbIpaxkeHUe I CIEKTPaIbHOTO pas-
noxenus pemenus MY JI npumer cnenyromuii BUA:

B 2y

:?8 (xisj q[swul]z +(l_q)(s?Tiz] e
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BripaxeHue, crosiee B KBaJpaTHBIX CKOOKax, Mpej-
CTaBUM B BUJIE:

2 2
q[&] +(l_q{2u—2J =
S+2}J.1 S+2M2
_ qliound + 16ufuys + 4uis?)
(s+2u; (s +2p, )
L= aioniud +160uds + 4uds?)
(s+2p1 ) (s+2m, )
bo +b15+b252

(s+2p P (s+2p, )7
by = 16p7u3,

by = 16 po[ap; + (1= )zl by =4[qu? +(1-qu?]. Ipo-
JoJKast paSJ'IOX(eHI/Ie, Hoﬂqu/IM:

IIe  TPOMEXYTOYHBIE  IapaMeTpsl

v (s) _ Mby +bys+bys?) = (2 +5)* (up +5) (h=s)
v_(s) (2u; +5 (2w +5)* (A —5) -
3 s(s* +d3s3 + dzs2 +d;s+dg)
T T e
B S(S+061)(s+0,)(S+03)(S+0y)

(2 +5) (20, +5) (1 -5)

r71e K03 PUIEHTH MHOTOYJIEHA YETBEPTON CTETICHH

do =bih+16p s [pipy —A(py +uo)l,
dy =160y () +Hp) —4A(uT + 4y +p3) + by,
dy =4(u +13) + 1601, =40y +115) 5
dy =4(up +py) -2
MOJIOKUTENbHBI. MHOTOWIEH YETBEPTOU CTEEHU
s +dys? +dys? +dis+d, (6)

C TOJIOKUTEJIBHBIME KO (QHUIMEHTAMH HMEET YeThIpe
JCHCTBUTENILHBIX OTPHLATENBHBIX KOPHA, JIMOO 1Ba mei-
CTBUTEJIBHBIX OTPHLATEIBHBIX KOPHS U ABa KOMIIJIEKCHO
CONPSDKEHHBIX KOPHSI ¢ OTPHUIATEIbHBIMH BEIIECTBEHHBI-
MH 4acTAMH. Torjja OKOHYATENbHO CHEKTPAIBHOE Pa3Jio-
sxenue peutenust UYJI nist cucremsl M/HE,/1 umeer Bun:

v. () _s(s+o)(s+0))s403)(s+08) (3
vo(5)  (u +s) @, +5)PR-s)

rIe 4epe3 —cy, —o,, — 03, — G, 0003HAYEHBI A yn00CT-

Ba OTpuUIaTelIbHbIe KOpHU MHorowieHa (6). Ha pucynke
MOKa3aHa KOMILJIEKCHAsl S — IJIOCKOCTh C HYJISIMH M MOJIO-

camu dynkmu Wy, (S)/y_(S), e MOMOCE OTMEYCHBI

KPECTUKAaMH, a HYJIM — KpyKKaMu. Hyln u mosockl HyX-
HBI JUIs TOCTpoeHust ¢ynkimin v, (s) u y_(s) B or-

JACJIBHOCTH.
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Pucynox 1 — Hymnu u momocs! GyHKIMM ( s) /y_
cucrembl M/HE,/1
Hanee ¢ yuerom ycnosuid (1), (2) crpouM QyHKIHK
v, (s) uy_(s):
v, (5)= s(s+ 01 s+0,)(s+03)(s+0y4) ’
(211 +5)*(2uy +5)
y_(S)=A-5.

Koncranra CIICKTPAJIbHOT'O PAa3JIOKCHUSA

K = tim =) _ iy (S+61)(S+622)(S+63)(S+64) _
(2w +5) (2 +5)
_ 01620304

16u713

s—>0 S s—0

OTa KOHCTaHTa ONpENeNseT BEpPOSTHOCTH TOTO, YTO
NOCTyMaroniee B CUCTEMy TpeOOBaHHE 3aCTaeT €€ CBO-
00 IHOH.

Janee 1o MeTOIMKE CHEKTPAJIBHOTO Pa3JIOKEHUS
CTpoUM (DYHKIHIO

o, (s) K _ 0155030421 +5) Cuy +5)

v ) 16uTuds(s + 0y Ks+o)(s +03)(s+04)

Ortcrona npeoOpazoBanue Jlamiaca pyHKINU TUIOTHO-
cti BpeMenu oxunanus W ' (s) = s - @, (s) Gyzner pas-

HO:
2 2
AN 51620304 (21 +5)° (2, +5) (8)
2 2 ’
16uin3(s+01 )s+0,)(5+03)(s+04)
—dw(s)
a cpeHee BpeMs OKUIAHUS W = 5 Oyaer paBHO
S
wolt, 1t t 1. 1 9)
0p 6 03 04 Wl Iy

IIpeoOpazoBanmne Jlamumaca (8) mo3BoNIIET Kpome
Cpe/IHer0 BPEMEHH OXKUAaHHs HaXOIUTh TAK)Ke U MOMEH-
Thl BBICHIETO NOpsAKa BpeMeHH oxuaaHus. C yderom
OIIpeZIeTICHUs] BapHallK 3aJePKKU — JDKUTTEpa B Teje-
KOMMYHHUKAIMSAX KaK pa3opoc BPEMEHH OXKHJIAHHS OT €To
cpennero 3HaueHus [10], TeM caMbIM MOJYYUM BO3MOX-
HOCTB OTIPEICIICHUS JDKUTTEpa Yepe3 AUCIEPCHIO BpeMe-
HU OXHIAHHS.

Juis Toro, 4T0OBI BOCIIONB30BATHCS BBHIpaXKeHHEM (9)
JUIA pacdeToB, HEOOXOIMMO 3aJaTh BXOJHBIE TTapaMeTpEI,
B KQ4eCTBE KOTOPEIX HMCIIONB3YCM BEIHUMHEL T , T,, C) ,

Cu .C MOMOIIBIO 9TUX BXOJHBIX IMMapaMETPOB H€06X0,HI/IMO
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OTIPEJICIUTh HEU3BECTHBIE MMapaMeTPhl pactpeenenui (3)
u(4) A, q, 1y, by ¥ K0dIpPuIMEHTH MHOTOUIEHA (6).

Omnpenenenne mapamerpa A pacnpenencHust (3) He
BBI3BIBACT 3aTpyAHEHUIl: A =1/7; .

Jlist onpeneneHus OCTajdbHBIX MapaMETPOB BOCIIOJb-
3yeMcsi CBOMCTBOM IpeoOpaszoBanus Jlarmiaca Bocripous-
BE/ICHUS MOMEHTOB W 3allMIIEM HadaJIbHbIE MOMEHTHI JI0
BTOPOTO MOPSIKa JUIsl pactipeaeieHus (4):

@:ﬂ+gﬂl (10)
331 2%)

gzé{L_@-q)}
2l K
PaccmarpuBas paBencrsa (10) u (11) xak dopmy 3a-

I1ucu METoaa MOMCHTOB, HaﬁﬂeM HCU3BECTHLIC IMapaMeT-
psl pactipenenerus (3) iy, 1y, . Cucrema 1ByX ypaBHe-

an

Uit (10), (11) mpu >TOM sBISIETCS HETXOONPEICICHHOM,
MO3TOMY K Hel J100aBUM BBIpaKEHHE UIsS KBaJapaTta KO-
s dunreHTa Bapraum:

2 — 32
2 T ()
CC=—--—7>

@)°

(12)

Kak cBsi3ytomiee ycrmosue Mexay (10) u (11). Kpome toro,
Kod(QuIUEeHT Bapuanuu OyIeM HCIIONBE30BaTh B pacye-
Tax B Ka4eCTBE BXOJHOIO IMapamerpa cucteMbl. Vcxoms
u3 Buaa ypasHenus (10) monoxxum

W =20/%,, puy =20-0)/%,. (13)

IToncraBus Beipaxenuit (10), (11) BMecTe ¢ 4acTHBIM
pemenueM (13) B (12) momyunm ypaBHEHHE YETBEPTOM
CTETEHU OTHOCUTENBHO MapaMeTpa (:

q(-q)[8(+c;)a’ —8(1+¢;)q+3]=0.

Ot6pocKB TpUBHABHEIE pellenns =0 u (=1, no-

JTy4uM
2\ 2 2 _

8(1+c;)g” —8(1+c;)q+3=0, KOpHH KOTOPOTO DaBHBI

KBaJpaTHOE ypaBHEHUE
2

2(1+c)-3

8(1+c7)

OOJNBIINI KOPEHb:

. Jng ogHO3HAYHOCTH BBIOEpPEM

201+¢7)-3

(14)
8(1+¢7)

q=—+
2

[MoncraBuB 3HaYeHHE BEPOSITHOCTH (], ONpeAerIeHHOe
(14) B (13) nHaiinem mapamerTpsl g, l, . OcTaercst onpe-
JIeNTUTh KO3 PUIIEeHTH MHOTOWIeHa (6), HAWTH ero Kop-
HHU ¥ BOCIOJIB30BATHCS PAaCUETHBIM BBIpakeHHEM (9) mis
CpeZHero BpPEMEHHU OXKHIaHus. Tenepp MOIyueHHBIH pe-
3ynbTaT (9) HEOOXOAMMO COMOCTABUThH C M3BECTHOM (op-
Mmyioi Ionsiuexa- XuH4nHa.
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B cBs3u ¢ Tem, uto manHas cuctema M/HE,/1 oTHo-
cutcsl K kiaccy cucreM M/G/1, paccMOTpUM HM3BECTHBIN
pe3ysbTar AJIsl JAaHHOW CUCTEMBI.

Cpennee Bpems oxunmanust B cucteme M/G/1 nmaercs
¢dopmynoii [Tonsraexa-Xununna [2]:

2
W T
2(1-p)
rne O<p=A/u<l.
Insa pacnpenenenus HE, rﬁ _3la +(1—Q) (M.
200f W

BeIpaxkeHue (11)) ¥ mozicTaBuB Cro/la 3HAUYEHHs TTapaMeT-
poB (, L, My , HONTydYeHHbIe IO BbipakeHusM (13), (14),

TIOJyYnM cpefHee BpeMst okunanust B cucteme M/HE,/1
o popmyne [Tomsauexa-XuHIMHA.

MHoro4ncIeHHbIE SKCIEPUMEHTHI ¢ BEIpakeHueM (9)
MIOATBEPKAAIOT TOJHYI0 HMACHTHYHOCTh JBYX pa3HbBIX
pe3yabTaroB o cucreme M/HE,/1.

Jlanee paccMOTpUM IpYryro, Ka4eCTBEHHO OTIMYAr0-
HIyroCs OT mpexHel cucremy. s cuctembr M/HEy/1 co
CABUHYTHIMH 3aKOHAMH paclpesiesieHuli HWHTEpBajoB
BXOJIHOTO MOTOKA M BPEMEHH OOCIY)KUBAHHUS OTH 3aKOHBI
3ajar0Tcs QyHKIMSIMHU IUIOTHOCTH BHJIA:

a(t)=re ) (15)

b(t) = 4anf (t—to)e 170+ 4(1-q )it —to)e ). (16)

Takyto CMO B orinune oT 0OBIMHON cucTeMbl 000-
3HauuM yepe3 M /HE, /1.

VrBepxkaenue. CIEKTPAIbHOE PA3loKEHHE PEIIECHUS
UYL A*(-s)-B*(s)-1=wy_(s)/y_(s) mns cucrems

M /HE; /1
paznoxxennem aist cucrembl M/HE,/1 n umeer Bun (5).
Jloka3aTenbCcTBO.
3anuiuem npeobpasoBanus Jlamnaca ¢ynkuuit (15) n

(16):

MOJIHOCTBIO COBIIAAACT CO CIHEKTPAaJIbHbIM

A% (s)= %e_t‘)s ;

2 2
B*(s): q i +(1_q ﬂ eftos_
S+2Hl S+2H2

Torma cnekTpanbHOe pasnoxeHue pemteHus WUVYII
Juis cucreMbl M /HE; /1 npuMer Buz:

g% x

A*(—s)-B*(s)—lz}L}:

2 2
x| q 2 +(1-q _2Ma ) et o
S+2H1 S+2H2

2 2
__* q 2 +(1-q 2 1.
A—S S+21 S+2u,
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3/1eCh IKCIIOHEHTHI CO CTENEHSIMM C MPOTUBOIOJIOXK-
HBIMHM 3HaKaMH OOHYJISIIOTCS M OIEpalyst CABHUTa TeM
cambIM HuBenupyercs. [locnenHee BbIpaXKeHHE HJIEH-
THYHO (5). YTBepKACHUE TOKA3aHO.

Tenepp MBI MOXKEM BOCHOJB30BATHCS A CHCTEMBI
M™/HE, /1 pe3yapTaTaMu NPEbIAYIIEH CHCTEMBI C H3-
MEHEHHBIMHU BCJIC/ICTBHE C/IBUTA YHCIIOBBIMU XapaKTepH-
CTHKaMH W, CIICI0OBATENBHO MapaMeTpaMu paclpesere-
Hut (15) u (16).

CHauaJia onpeziesIMM YHCIOBbIE XapaKTEPUCTUKU WH-
TepBajia MEeXy IOCTYIUICHUSMHU TpeOOBaHUH M BpeMEHH
obcnyxwuBanus. s aToro Bocmosib3yemcsi npeodpaso-
BanueM Jlamtaca ¢pyuknuii (15) u (16).

3HaueHue NepBoil Mpou3BoAHON (QyHKIMH A*(S) co
3HAKOM MHHYC B To4Ke S=0 paBHO

dA*(s) 1

— ~ =—+1t, -
ds |sog A 0

Otcroma cpenHee 3Ha4YCHHE HWHTEPBAJIOB MEXKIY CO-
CeTHUMU TPeOOBAHUAME OyJIET PaBHO

a7

3HaveHHe BTOPOW MPOM3BOAHOW (PYHKIUHU A*(S) B

%7\. 27\._1 +t0.

Touke S=0 maeT BTOpOIl HAaYaJIbHBII MOMEHT MHTEpBaja
MOCTYIICHUS

) 1
”‘“”{I*?J' (18)

Otcrona onpexenyM Ko3((GUIMEHT BapHAIlUN HHTEP-
BAJIOB ITOCTYIJICHHUS:

¢, =(1+2ty)7". (19)

Jisi ompeneneHHsT YMCIIOBBIX XapaKTEPHCTHK pac-

npeneneHus (16) Bocmons3zyeMcs: peodpazoBanueM Jla-

miaca B'(s), MIPUBEJICHHBIM BHIIIE. Torma cpenHee Bpe-
M1 O0CITY’KHBaHHS B CHCTEME PABHO

o= aup A=A+t (20)

BTOPOW HaYaJbHBII MOMEHT BPEMEHH OOCITyKHBAHHA
paBeH

30,30-0)

2 2
up 2w

1)

=1 T (-9
M M2

1+

Ortcroma kBagpaT KOd(pUIMEHT BapHalllid BPEMEHH
obciry>xuBaHus OyJIeT paBeH

62 M =200 (1 — 1) + 90 =20) 1y —12)? (99

2o
20y — Gy —Ha) +top iy 12

3ameruM, uTO KO3GQUIMEHTH Bapuauu C, <1 u

¢, >0 mpu nmapamerpe casura ty > 0. Takum oOpa3zom,

OYEBUIHO, 4TO cucTremMa M™/HE, /1 OTHOCHTCS K THITY
G/G/1.



e-ISSN 1607-3274 PagioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne
Ne

p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019.

4
4

PaccmarpuBas Beipaxxenus (17)—(22) xak 3anuch me-
TO/la MOMEHTOB, HaillJleM HEeHU3BECTHBIE IapaMeTpsl pac-
npenenenus (15) u (16) A, py, 1y, 0, tg -

W3 (17) nony4ynm 3Ha4eHUe t; =T, — A~ m moncrasus

ero B (19) naiinem mnapamerp pacmpeneneHus (15)
A =1/¢,7, . Torna mapamerp cisura OyJeT CBsI3aH C Ia-

paMeTpamMH TOCTYTIIIEHHH yCIOBHEM
to=7(1-¢). (23)
Bripaxxenue (23) O6yzaer onpenessITh AUana3oH H3Me-
HeHus napaMerpa casura ty € (0,1) .
Haxoxxnenne mapamerpoB — pacmpenaeicHus  (16)
Wi, My, J OydeT aHATOTMYHBIM HAXOXKACHHIO 3THX Ma-

pamerpoB Juisi pacmpenenenust (4). Temepp ucxons u3
BHaa ypaBHeHHUH (20) IOI0KHM

2| :2q/(‘—rp_t0)’ K2 :2(1—(31)/(%“ _tO) 5

u ioTpedyeM BoImoHeHUS ycioBus (22). IlogcraBus da-
cTHOe pemieHue (24) B (22) pemraeM noixydeHHOE ypaBHe-
HHE YETBEPTOH CTENEHM OTHOCHTENILHO Mapamerpa ( ¢
ydeToM ycnoBust 0 <q<1:

24

1 3@t
2 V4 8T, -t +o]

1 1
+

a 3aTeM ompezensieM u3 (24) napamerpsl iy, U, .
3ajaBas 3HAUEHUA T , Ty> Cp» C, B KAaUeCTBE BXOI-

HBIX [1apaMeTPOB CUCTEMBI, TAKUM 00pa3oM oIperessieM
W3BECTHBIM METOJI0M MOMEHTOB BCE HEM3BECTHBIE Iapa-
MeTpsl pactipenenenuii (15) u (16).

Teneps paccMOTpUM BIHMSHHE NTapaMeTpa CIBHTa Ha
KOd(pPHUIHUEHTH BapHanuii pacrpeneneHuid. s sxcmo-
HEHIMAJILHOTO 3aKOHA paclpefeseHus HHTEePBaIOB MexX-
Iy TOCTYIUICHUSMH TpeOOBaHHWH, IapaMeTp CIOBHra
yMeHbIIaeT ko3¢ dULHeHT Bapranuu B 1+ Aty pas.

Jnst obbrunoro pacnpenenenust HE, Bpemenu obciy-
JKUBaHHS, KBaJpaT K03 HIMEeHTa BapUALIUK, KaK CIIe/y-
et u3 (12), paBen

2 _ B =20 (1 1) + 91 29) 0y —1p)”
’ 21 =G 1) P

C

CpaBHuBas mocienHee BepakeHue ¢ (22) yoexmaem-
Csl, 4TO IapaMeTp CABUra BO BpeMeHHU 1y >0 yMmeHbIIaeT
KOX(pUIMEHT BapWalliil BPEMEHU OOCTYy)XHBaHUS B

tokykty

[n(1-0)+po0]
3aBUCHMOCTh CPEIHEro BPEMEHH OXHIaHUs OT Ko3(h(hu-
[MEHTOB Bapualluii HHTEPBAJIOB MOCTYIUICHUH U BPEMEHU
oOciy)xuBaHusl, yOeKIaeMcs B TOM, UYTO BBEJCHHUE Mapa-
METpa CIBUTA B 3aKOHBI PACIPEICIICHUS, YMEHBIIACT
cpenHee BpeMs oxuaanus B ouepeau B CMO.

4 SKCIIEPUMEHTHBI
Hwmxe B Tabn. | mpuBeAeHBI JaHHBIC PAcUCTOB IS
cucremMsl M/HE,/1 miist cimyyaeB manoid, cpefHeH 1 BBICO-
Kol Harpy3ku p=0,1;0,5;0,9. [Ina cpaBHeHUs B IpaBoi

pa3. Temneps, yuuThIBasi KBaJPaTHIHYIO
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KOJIOHKE TPHUBCICHBI JaHHBIC I OJM3KOW CHUCTEMBI
M/H,/1, niist KoTopoii c, 21 [1].

Tabnuna 1 — Pesynbrate! sxcniepumenToB ainsi CMO
M/HE,/1

BxonHble napameTpsl CpenHee BpeMsi 0XKHMAAHUS
p c JUIST CUCTEMBI JUIST CUCTEMBI
H M/HE,/1 M/H./1
0,71 0,09 —
ol 2 0,28 0,37
2 0,94 126
8 3,61 4,81
0,71 0,75 -
2 2
0.5 50 333
4 8,50 11,33
8 32,50 43,33
0,71 6,77 —
09 2 22,50 30,0
4 76,50 102,0
8 292,50 390,0

B 1abn. 1 maHHBIC pacueTOB OTIUYAIOTCS BIOJHE 3a-
koHOMepHO. B dopmyne [omsuexka — XuHYMHA B YUCITH-
TEJe CTOUT BTOPOI HAaYaIbHBIII MOMCHT BPEMEHH O0CITy-

JKUBaHU rﬁ, KOTOpbIN anst pacnpenenenus HE, pasen

> 3 1-
rﬁ == %+(72q) , a g pacnpenenenus H, —
2 My K2
_ -
rﬁ =2 %+ (—Zq) , 9T0 B 4/3 pasa Goublie mpeapiyIe-
M1 H2

ro. Ilosromy cpemHee BpeMsi OXHAAHUS B CHCTEME
M/H,/1 poBHO B 4/3 pasa Oosblle, 4eM B CHCTEME
M/HE/1.

B rtabmuue 2 mpuBeneHBI pacyeThl IS CHUCTEMBI

M"/HE, /1 nmas ciaydaeB MajoH, cpeqHed M BBICOKOU
Harpy3ok p=0,1;0,5;0,9 npu 3HaYeHHMM mapameTpa
casura t; =0,9 ¥ Ko3(Q(QUIMEHTaX Bapuallid BPEMEHH
00CITy)KUBaHUS Cu =0,71;2;4;8 st cucTeMsl M/HE/1.

OtuMm 3HaueHWsIM C, B cucteme M /HE; /1 coorserct-
BYIOT MPHUOIMKCHHO 3HAYCHUS Cy = 0,37;1,05;2,11; 4,21

B CBSI3M C YMCHBIICHHEM Ko3((dHUIleHTa Bapuaiu Co-
TJIaCHO BBIpaXKeHWs (22) B pe3ylbTaTe BBEACHUS Mapa-
MeTpa caBura t; > 0.

Koadhunuent Bapuanuu nHTEpBaa BO BXOJHOM I1O-
Toke C, mpw 1=0,9 B 3aBHCMMOCTH OT 3arpy3ku p HpH-

HMMaeT 3HaueHusa ¢, =0,91;0,550,19. Takum obGpasom,

Tabi1. 2 JEMOHCTPUPYET Ka4eCTBEHHOE M KOJIMYECTBEHHOE
BJIMSHHME IIapaMeTpa CABMIA t, > (0 Ha YUCIOBBIE Xapak-

TepucThKU pacrpenenenuit (15) u (16), a Taxke Ha oc-
HOBHYIO XapaKTepHCTHKY CHUCTEMBI — CpeIHee BpeMs
oxunanns. Koaddunuenr 3arpyskn p B odenx tabnmiax

ONpeNersieTcsl  OTHOIIGHHEM  CPEeAHWX  HMHTEPBAJIOB
p =T, /T, . Pacuersl, npusesennsie B Tabn. 1-2 mpose-

JACHBI JI1 HOPMUPOBAHHOTO BPEMCHU O6CJ'Iy)KI/IBaHI/IH

T, =1.
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Tabnuna 2 — Pesynbrats! skcnepumentos 111 CMO M /HE; /1 u M/HE,/1

BxoiHBIE TApaMeTPhI Bpewmst oxxuaanus
0 C“ Juist cucteMsl M™/ HE5 /1 st cucreMbl M/HE,/1
v Cy = 0,37 Cy = 1,05 Cy = 2,11 Cu =421 Cy = 0,71 Cu = 2 Cy = 4 Cu = 8
0,1 0,91 0,01 0,06 0,25 0,99 0,09 0,28 0,94 3,61
0,5 0,55 0,07 0,56 2,23 8,87 0,75 2,50 8,50 32,50
0,9 0,19 0,66 5,01 20,08 79,80 6,77 22,50 76,50 292,50

Jannble Tabnui 1 ¥ 2 XOpOUIO COTJIACYIOTCS C pe-
3yJbTaTaMM JBYX MOMEHTHOM anmnpoxcumMarui [ 18] B Toit
obnacTy M3MEHEHUS [apaMeTpoB, B KOTOPOH paccMoT-
PEHHBIE CUCTEMBI TPUMEHHUMBI.

5 PE3YJIBTATHBI
B pabote monydeHsl ClIeKTpajbHBIE Pa3JIOKEHUS pe-
LIEHUsT UHTETPAJBHOrO ypaBHEHHs JIMHAMM JUis maphl

cucteM M/HE,/1 1 M /HE5 /1. C nomoIupio 3TUX pas-

JI0)KEHUH BBIBEJICHBI PACUETHBIC BBIPAXKECHUS AJISI CPEIHE-
TO BPEMEHH OXKHJAHHA B ouepenn s ykazanHeix CMO B
3aMKHYTOH (opme. Pe3ympTaTel pacueToB CpaBHHUBAIOTCS
MEXKAy 3TUMH JBYMs CUCTEMaMH, a TaKXe C pe3yJbTaTa-
MH aHaJIOrMYHOM cucreMsl M/H,/1.

Jluana3oH HW3MEHEHHS MapaMeTpoB Y CHCTEMBI CO

CABUHYTHIMH BXOAHBIMHU pacnpenencHusmMu M~ /HE5 /1

mupe, 4eM y o0braHoi cucremsl M/HE,/1 u mostomy atn
CHCTEMBI B3aWMHO JIOTOJHSIOT APYT Jpyra. YKa3aHHBbIE
CHCTEMBI C YCHEXOM MOTYT OBbITh HPUMEHEHBI B COBpE-
MEHHOW TeOpHH TeleTpaduka.

6 OBCYXXJIEHHUE
Kak u cnenoBano oxuaath, BBeJCHUE MapaMeTpa CIBU-
ra ty >0 B 3aKkoHBI paclpeneneHnil IPHUBOIUT K YMEHb-

IIEHUIO 3HAYeHWH KO3()(UIHEHTOB BapHalud C, U C,.

mn
C ydgeroM Toro (hakTa, 4TO CpeaHEee BpPEeMs OXKHIAHUSI B
ouepenu CBA3aHO ¢ Kod(h(UIMEHTaMH Bapuanuii KBajpa-
TUYHOHN 3aBHCHMOCTBIO, UX YMCHBIIICHUE BJICUET 3a CO0O0
YMEHBIIICHHE BPEMEHU OXHIaHHs B HECKOJIBKO pa3. [loiy-
YEHHOE PACUCTHOE BBIPAXKEHHE PACIIMPSET U JOMOJHSCT
W3BECTHBIE (POPMYJIBI TEOPHH MACCOBOTO OOCITY)KHBAHUS
JUIL CPEIHEr0 BPEMEHU OKHmaHus mjis cucreM M/G/1 u
G/G/1 ¢ npou3BOJILHBIMU 3aKOHAMH PACTIPEACIICHUI BXO-
HOT'O TIOTOKA M BPEMEHU 00CITY)KUBAHHS.

BbIBO/bI

Hayynasi HOBM3HA IIOJyY€HHBIX pE3YyJbTAaTOB 3a-
KJIFO4YaeTCsl B TOM, YTO IOJYyYEHBI CIIEKTpajbHBIE paslio-
JKCHUSI PElIeHHs MHTETPaIbHOTO ypaBHeHus JInHum s
paccMaTpUBaeMBbIX CUCTEM M C MX MOMOIUBIO BBIBEJIEHBI
pacueTHBIE BBIPAKEHMs Al CPEAHEr0 BPEMEHU OXKUAA-
HUSL B OYEpEAM AJISI 3THUX CHCTEM B 3aMKHYTOH Qopme.
JlaHHBIE MHOTOYHMCIIEHHBIX 3KCIIEPUMEHTOB IIOJITBEP-
JKAAI0T TOJHYIO aJeKBaTHOCTh MOJYYEHHBIX TeopeTHue-
CKHX Pe3yJIbTaTOB.

IIpakTHUyeckoe 3HAYeHHe PaOOTHI 3aKIIOYAECTC B
TOM, 4YTO IOJy4YEHHBIE pPE3yJbTaThl C YCIIEXOM MOTYT
OBITH ITPUMEHEHBI B COBPEMEHHOU TEOpUH TeneTpaduka,
i€ 33/ICPXKKH TTaKeTOB BXOJSIIEro Tpauka UrpatoT nep-
BOCTEIEHHYIO poiib. [yt 3TOro HEOOXOAMMO 3HATH YH-
CJIOBBIC XapaKTEPUCTUKH MHTEPBAIOB BXOMAIIETO Tpadu-
Ka ¥ BPEeMEHH OOCITy>KMBaHHs Ha YPOBHE JIByX II€PBBIX
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MOMEHTOB, YTO HE BBI3bIBAET TPYIHOCTEH MPH HCIIONB30-
BaHUM COBPEMCHHBIX aHAIM3aTOpoB Tpaduka [9, 10].

IMepcnieKTHBBI JAJbHEHINNX HMCCIEI0BAHMIA TIPO-
CMaTpPHBAIOTCS B TIPOJODKCHUM HCCICAOBAHUS CHCTEM
M/G/1 u G/G/1 ¢ agpyruMu oOUIMMHU BXOJTHBIMH pacIpe-
JCJICHUSAMH M B PACIIUPCHUH U JOMOJHECHHH H3BECTHBIX
(hopMyIT AT CPETHETO BPEMEHU OXKUIIAHUS.
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MOPIBHAJILHAM AHAJII3 JIBOX CUCTEM MACOBOT'O OBCJIYTOBYBAHHS M/HE,/1 31 3BBUYAMHAMM TA
3CYHYTHMH BXITHUMHU PO3IIOAIJIAMHA

Tapaco B. H. — n-p TexH. Hayk, npodecop, 3aBiqyBad kadeapu mporpaMHOro 3a0e3MeueHHs Ta YIPABIiHHS B TEXHIYHUX CHC-
Temax [10BOI3BKOTO JIepKaBHOTO YHIBEPCHUTETY TeNeKOMYyHiKamiil Ta iHpopmaTuku, Pocis.

Baxapesa H. ®. — 1-p TexH. Hayk, npodecop, 3aBimxyBad kadeapu iHGOPMATHKH Ta OOUUCITIOBAIBHOI TexHIKH [10BOI3BKOTO
JIep’KaBHOTO YHIBEPCHUTETY TeleKOMyHiKamiil Ta ingopmaTtuku, Pocis.

AHOTAIIA

AxTyanbHicTb. B Teopii MacoBoro oGcimyroByBaHHs JOCIIKEHHs MPUBATHUX cucteM Tuiy M/G/1 € akTyaibHHUMH B 3B’SI3KY 3
THM, LI0 BOHH ¥ JI0 ChOTO/IHI aKTHBHO BUKOPHCTOBYIOTBCS B CydacHiit Teopii Tenerpadiky. Byna po3risHyTa 3a1ada BUBEACHHS pi-
LICHHS U CEPEeJHBOr0 4acy OYiKyBaHHS B 4ep3i B 3aMKHYTiH (OpMi ABOX CHCTEM 3i 3BUYAHHHUMHU i 3CYHYTUMH €KCIIOHEHTHUMH i
rinepepiaHriBCbKIMHU BXiTHUMH PO3MOIIIAMH.

Merta po6oru. OTprMaHHs pillIeHHs [JIsi OCHOBHOI XapaKTEPHCTUKK CUCTEMH — CEPEIHBOT0 Yacy O4iKyBaHHs BUMOT B uep3i s
JIBOX cHcTeM MacoBoro obciayroByBaHHs THiry M/G/1 i G/G/1 31 3BUYaliHUMHU 1 3CyHyTUMH €KCIIOHEHTHUMH 1 TillepepIIaHTiBCBKIMHU
BXiIHUIMH PO3IIO/IIJIaMH.

Mertoa. J{yisi BUpIIICHHS! TIOCTABICHOTO 3aBAaHHs OyB BUKOPHCTAHUI KIACHYHUN METOJ CHEKTPAIBLHOTO PO3KIAAaHHS PIlICHHS
inTerpasibHoro piBasHHs Jlinmti. [eit Meton 103BosIsie OTpUMATH PIllIeHHS AJIs CEPeJHBOr0 Yacy O4iKyBaHHs AJIS PO3MIISIHYTHX CHC-
TeM B 3aMKHYTIii opmi. MeTo/1 CrieKTpaibHOTrO PO3KIIAAaHHS PIillIeHHs IHTerpaibHOro piBHsAHHS JIIHAI rpae BaXKIIHBY POk B TeOpil
cucreM G/G/1. [{ns mpakTUYIHOTO 3aCTOCYBaHHS OTPUMAHUX PE3yJIbTATIB OyJIO BUKOPHCTAHO BIIOMHUH METOA MOMEHTIB Teopii HMO-
BipHOCTEH.

Pe3yabsTaT. Bynu orpumani crekTpaibHi pO3KIagaHHS PIlICHHS iHTErpanbHOTo piBHSHHS JIIHIUIL Ui mapyu cHCTeM, 3a JOIo-
MOTOIO SIKAX BUBEJEHI pO3PaXxyHKOBI (JOPMYIIH IJIsI CepeJHBOTO Yacy OUiKyBaHHS B 4ep3i B 3aMKHYTIH Gopmi. 3pyIIeHUH eKCIIOHeH-
LianbHUH po3nofin Tpanchopmye cucremy M/G/1 B cuctemy G/G/1.

BucnoBkn. By oTprmaHi criekTpanbHi po3KiIafaHHs PillleHHS IHTerpajIbHOTo piBHAHHS JIIHUI U PO3IIITHYTHX CHCTEM i 3 iX
JOTIOMOTOI0 BHBEJICHI PO3paxyHKOBI (opMyJH AJIsi CEpeIHOrO Yacy OYiKyBaHHs B uep3i Ui LKX CHCTEM B 3aMKHYTIH ¢opwmi. LIi
(GbopMyJIH pO3LIMPIOIOTE 1 JOTIOBHIOKOTH BifoMi opMyii Teopii MacoBOoro oOCIyroByBaHHS [UIsl CEPEIHBOTO Yacy OYiKyBaHHS IS
cucreM M/G/1 1 G/G/1 3 nOBUTBHUMH 3aKOHAMHU PO3MOJLIIB BXiIHOTO MOTOKY 1 Yyacy oOCIyroByBaHHA. Takwid MiIXiA T03BOJISE PO3-
paxyBaTu cepelnHiif yac O4iKyBaHHS IS 3a3HAUYCHHUX CHCTEM B MaTeMaTHYHHX IaKeTaX Ul MIMPOKOTO Jiana3oHy 3MiHM MapaMeTpiB
Tpadixy. Bei iHII XapakTepUCTHKH CHCTEM € TTOXITHUMH 9acy O4iKyBaHHS.

KpiM cepeaHboro yacy o4ikyBaHHsI, TAKUH MiJXi]] A€ MOXKIIMBICTh TAKOK BU3HAYUTH MOMEHTH BHIIUX MOPSIKIB 4acy O4iKyBaH-
Hi. 3 orypiny Ha TOH (akT, 0 Bapiallist 3aTPUMKH MakeTiB (JUKUTTEp) B TENEKOMYHIKaIlli BU3HAYAETBCS SIK JHUCIIEPCis 9acy OdiKy-
BaHHS BiJ] HOTrO CEpEIHBOTO 3HAYCHHS, TO [PKUTTEP MOXKHA Oy/ie BU3HAYUTH Yepe3 JUCIICPCI0 Yacy OUiKyBaHHSI.

MeTo/ CHEKTPaIbHOTO PO3KIa/IaHHs PIllICHHS IHTErpajibHOro piBHAHHS JIiHIUT /Ul PO3MJISSHYTHX CHCTEM JI03BOJISIE OTPHMATH
pillieHHsI B 3aMKHYTii popMi i 11i OTpHMaHi pilieHHs! MyOIiKyIOThCSI BIEpIIIE.

KJIFOYOBI CJIOBA: rinepepianriBCbKUil i €KCIIOHEHTHHI 3aKOHH PO3MOALTY, 3CyHYTI PO3MOILIH, iHTerpajbHe piBHAHHS JIi-
HJUTi, METOJI CIIEKTPAJIbHOTO PO3KJIaAaHHs, iepeTBopenHs Jlannaca.

UDC 621.391.1:621.395
COMPARATIVE ANALYSIS OF TWO QUEUING SYSTEMS M/HE,/1 WITH ORDINARY AND WITH THE SHIFTED
INPUT DISTRIBUTIONS

Tarasov V. N. — Dr. Sc., Professor, Head of Department of Software and Management in Technical Systems of Volga State Uni-
versity of Telecommunications and Informatics, Samara, Russian Federation.

Bakhareva N. F. — Dr. Sc., Professor, Head of Department of Informatics and Computer Engineering of Volga State University
of Telecommunications and Informatics, Samara, Russian Federation.

ABSTRACT
Context. In the queueing theory, studies of particular systems of the M/G/1 type are relevant in that they are still actively used in
the modern theory of teletraffic. The problem of finding a solution for the mean waiting time in a queue in the closed form of two
systems with ordinary and shifted exponential and hypererlangian input distributions is considered.
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Objective. Obtaining a solution for the main system characteristic — for the average waiting time in a queue for two queuing sys-
tems of type M/G/1 and G/G/1 with conventional and offset exponential and hypererlangian input distributions.

Method. To solve this problem, we use the classical method of spectral decomposition of the solution of the Lindley integral
equation. This method allows to obtain a solution for the average waiting time for the systems under consideration in closed form.
The method of spectral decomposition of the solution of the Lindley integral equation plays an important role in the theory of sys-
tems G/G/1. For the practical application of the results obtained, the well-known method of moments of probability theory is used.

Results. Spectral decompositions of the solution of an integral equation of Lindley for couple of systems by means of which
formulas for the average time of waiting in queue in the closed form are received. The shifted exponential distribution transforms the
system M/G/1 into the system G/G/1.

Conclusions. The spectral decompositions of the solution of the Lindley integral equation for the systems under consideration
are obtained and with their help, the formulas for the average waiting time in the queue for these systems in a closed form are de-
rived. These expressions expand and complement the known queuing theory formulas for the average waiting time for M/G/1 and
G/G/1 systems with arbitrary laws of input flow and service time distributions. This approach allows us to calculate the average la-
tency for these systems in mathematical packages for a wide range of traffic parameters. All other characteristics of the systems are
derived from the waiting time. In addition to the average waiting time, such an approach makes it possible to determine also mo-
ments of higher orders of waiting time. Given the fact that the packet delay variation (jitter) in telecommunications is defined as the
spread of the waiting time from its average value, the jitter can be determined through the variance of the waiting time. The method
of spectral decomposition of the solution of the Lindley integral equation for the systems under consideration makes it possible to
obtain a solution in a closed form and these solutions are published for the first time.

KEYWORDS: hypererlangian and exponential distribution laws, shifted distributions, Lindley integral equation, spectral de-
composition method, Laplace transform.
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A COMPARATIVE STUDY OF CLUSTER VALIDITY INDICES

Kondruk N. E. — PhD, Associate professor, Associate Professor of Department of Cybernetics and Applied
Mathematics, Uzhgorod National University, Uzhgorod, Ukraine.

ABSTRACT

Context. Cluster analysis is a method of classification without a teacher, that is, under conditions where preliminary information
on the number of clusters is previously unknown. Therefore, defining the optimal number of clusters and test results of partitioning
data sets is a complex task and requires further research.

Objective. The aim of paper is to study the efficiency of finding the natural data structure by crisp and fuzzy clustering validity
indices, when the partition is realized by the clustering method based on fuzzy binary relations and conducting their comparative
analysis.

Method. For partition of data sets the method based on fuzzy binary relation was used that provides an opportunity to
simultaneously conduct crisp and fuzzy grouping of objects by different types of similarity measures. The distance similarity
measure, which divides data into ellipsoid clusters, is used in the research. Two synthetic 2-dimensional data sets of a special type
are generated, natural clustering of which is possible in two ways. Both sets are Gaussian. The most effective and frequently used
groups of crisp and fuzzy cluster validity indices, which allow to find the optimal data set structure are described.

Results. The study of estimating the quality of clustering was conducted by means of method of fuzzy binary relations with six
indices in two data sets. A comparative analysis of the effectiveness of determining the cluster and sub-cluster data structures by
validity indices is made.

Conclusions. In practice, for some cluster validity indexes it is important to find not only the global extreme, but also local ones.
They can fix the optimal sub-cluster data structure with less separation. To ensure the effectiveness of estimating the quality of
clustering and to obtain objective results it is appropriate to take into account not only one index, but several of them. In perspective
studies, creating a combined criterion that would join the most effective cluster validity indices by means of method based on fuzzy
binary relations by a distance similarity measure is anticipated as well as implementing generalized cluster validity index for any
similarity measures of fuzzy binary relations method; developing a software system that would ensure the automatic grouping of
objects into clusters by concentric spheres, cones, ellipses without the preliminary determination of the clustering threshold.

KEYWORDS: cluster validity indices, cluster, clustering.

ABBREVIATIONS m; is a number of element in the i-th cluster;
B is a Bensaid partition Index; n is a number of feature (dimension of the data sets);
BIC isa Bayesian }n.fort.natlon criterion; O; is an i-th clustering object;
CVl is a cluster validity index;
D is a Dunn’s cluster validity index;
R is a Ren’s cluster validity index;
SSWC is a Simplified silhouette width criterion; RV isa fuzzy binary relation, which characterizes the
XB is a Xie and Beni’s Index. distance between the feature vectors;

r is a coefficient of fuzziness;
R is a fuzzy binary relation;

V* is a center of the centroid;
NOMENCLATURE

. Vi is a centroid of the i-th cluster;
C is a set of vector features; !

—(i i i ) . feat ¢ f clusteri Z is a number of clusters;
Cil€y>Cz5---,Cn ) 15 a deature vector ol clustering ujj is a membership function of the j-th element to
objects;

. . the i-th cluster;
d( ) is a distance between clusters;

uR( ) is a membership function of the fuzzy binary

diam( ) is a cluster diameter; relation R:

m is a number of clustering objects;
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Hpr is a clustering threshold using a distance
similarity measure;
p is a some distance metric;

|| || is the Euclidean metric.

INTRODUCTION

Cluster analysis is a method of classification without a
teacher, that is, under conditions where preliminary
information on the number of clusters is previously
unknown. It consists in grouping data so that their
similarities by some criteria within the same group would
be strong and within different — weak. The resulting data
partitioning can be crisp where each object belongs to
only one cluster and fuzzy if it can simultaneously belong
to different clusters with some measure. Obviously, there
is a problem of determining the “natural” (“real”)
partition, which corresponds to the input data. The
solution of this problem makes it possible to estimate the
obtained clustering results and choose the “true” structure
of the basic data.

This problem occurs for several reasons. Firstly, there
is no optimal clustering algorithm. Thus, partition of the
same data by different algorithms may give different
results, which are not effective in all situations where
clustering is needed. Consequently, the process of
clustering should perform different partitions and identify
the most optimal for each set and each individual task.
Secondly most effective methods involve pre-setting the
number of clusters in a situation where no such prior
information is available. Therefore, in this situation, it’s
necessary to run an algorithm with different input
parameters and then to estimate the resulting partition.
The process of assessing how the resulting partition
corresponds to the input data set determines the quality of
the clustering or cluster validation. This problem is
complex and requires further research.

So the object of study is the process of cluster
validation and the subject of study is the cluster validity
indices.

In addition, most developed clustering methods
provide grouping of objects only by one similarity
criterion, usually determined by some metric of distance.
In this case, clusters of only ellipsoidal shape are formed.
But there are many applied tasks, for example [1] where
this kind of grouping objects is inadequate to the
determined purpose and ineffective. The method based on
fuzzy binary relations [2], makes it possible to group data
according to different similarity measures, thus forming
clusters in the shape of ellipses, cones and concentric
spheres. Additionally, this method allows to conduct crisp
and fuzzy clustering simultaneously, so data clustering.

Therefore, the purpose of the work is to study the
efficiency of finding the natural data structure by crisp
and fuzzy clustering validity indices, when the partition is
realized by the clustering method based on fuzzy binary
relations and conducting their comparative analysis.
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To achieve the purpose of the work, the following
problems shall be solved:

— to analyze existing cluster validity indices;

— to generate special research data sets;

— to implement the procedure for determining the
optimal number of clusters for each data set;

— to make a comparative analysis of the obtained
results.

1 PROBLEM STATEMENT
Let us consider the general problem of cluster analysis
in the following statement.
Let there be given 0,...,0,,,

characterized by n quantitative features. Each object

some objects

0;,i =Lm definitely corresponds to the feature vector

—.i i i) .
ci(cl,cz,...,cn), i=lm.

It is necessary to find the optimal (“natural”’) number
of clusters in partition of the given objects O;,i=1m

into homogeneous “similarity” groups (clusters) by means
of a method based on fuzzy binary relations and a
distance similarity measure. Moreover, a comparative
analysis of different types of crisp and fuzzy indices
should be done to find the optimal number of clusters on a
special data sets with a sub-cluster structure.

2 REVIEW OF THE LITERATURE

Estimating the quality of clustering is quite a
complicated task. In the general statement, it is difficult to
be formulated semantically and it is also difficult to find
the appropriate mathematical model for it. But despite
that, determining the quality of clustering is a very
important task.

Nowadays, there are many cluster validity indices,
which are very useful in practice as quantitative measures
of determining the optimal structure of the partition. Thus,
in paper [3] about 20 different most used CVIs are
described. In paper [4] a comparative study was
conducted investigating 40 validity indices (basic and
modified ones) by their computational complexity on the
basis of asymptotic analysis.

The set of papers [5—13] displays a comparison of
crisp indices by the possibility of correct determination of
the true (natural) number of clusters of different kinds of
data sets and according to certain clustering methods. In
[5] 8 crisp CVIs were compared on the basis of the k-
means algorithm, in [6] we evaluated the internal and
external indices applied to partitioning and density-based
clustering algorithms, and the effectiveness of the
silhouette index [7] has been stressed out. In [8, 9], a
number of indexes was compared on Big Data and it was
indicated that the silhouette and Dunn’s index [10] give
the best results for finding the optimal number of clusters.
The works [11, 12] show the effectiveness of the BIC
index [13].

In [14, 15] the optimal number of clusters for fuzzy
clustering is researched. In [14] five fuzzy indexes were
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used while solving the problems of image segmentation,
in [15] a comparative analysis of ten fuzzy indexes was
made. In these studies and that of [16], the effectiveness
of fuzzy indices XB [17] and B [18] is shown.

Thus, it can be noted that different validity indices
have some characteristics that may outweigh the others in
certain classes of problems. In addition, it is difficult for
the user to choose one of CVIs when there is such a
variety of them. For this reason, the relevant problem of
cluster analysis is to compare the characteristics and
effectiveness of existing validation criteria.

In this paper, it is proposed to compare the efficiency
of finding the natural number of clusters by CVIs for crisp
and fuzzy clustering. A method that provides a crisp and
fuzzy partition is the clustering method based on fuzzy
binary relations [2, 19, 20]. It makes it possible to conduct
partition the clustering of objects by clusters of different
geometric shapes (ellipses [2], cones [19] and concentric
spheres [20]), according to the chosen similarity measure.

3 MATERIALS AND METHODS

Clustering method.

As a clustering method, the crisp single-level method
is chosen (subsection 6 in [2]) based on fuzzy binary
relations. This method is centroidous and allows realize
crisp and fuzzy grouping for the same data. These
advantages of the method allow to conduct comparative
analysis of CVIs for estimation of the crisp and fuzzy
clustering results. At the same time, the similarity of
objects according to some criterion is characterized by the
fuzzy binary relation R on the set of vector features
c={ l-‘izl,m} with  the

membership  function

uR(ci,cj ), where pp C? [0,1]. In particular, a
qualitative change in the type of similarity measure of
objects leads to changes in the geometry of clusters. So, in
the studies [2, 19, 20], examples are provided showing
possible types of similarity measures, which lead to the
formation of ellipsoid, conical clusters and clusters in the
form of concentric spheres. But the existing criteria for
estimating the quality of the partition are developed
mostly for ellipsoidal clusters, therefore, for the
researching, the similarity measure of “distance” is
chosen, which is described by the fuzzy binary relation

RV [1] and membership function

o) [p(A)]

Hr” (Ci’cj

>

A 5&&%&%)
Cluster validity indices.
The concept of cluster
compactness and separation.
Compactness means that the elements of the cluster
should be closest to each other. This property is

expressed, as a rule, by the distance between the internal
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validity is based on

elements of the cluster, the density in the middle of the
cluster, or the volume occupied by the cluster in a
multidimensional space.

Separation displays that the distance between different
clusters should be as large as possible. It can be defined as
the distance between the closest, most distant neighbours
of different clusters, or centroids.

Let us consider the relative metrics that evaluate the
quality of clustering by comparing several -cluster
structures.

A group of crisp cluster validity indices.

1. Dunn’s index [10]:

Do min 4]
i je{l,z}, max diam(k)
i#] ke l,z}

Where d is the distance between the clusters i and
J , which can be defined as the distance between the two

closest elements or between the centroids of clusters,
diam(k) is the cluster diameter that can be calculated as

the maximum distance between the elements of the same
cluster. Thus, the Dunn’s index compares the intercluster
distance with the diameter of the cluster. It is generally
accepted that, if the cluster’s diameter is smaller then the
intercluster distance, then the clusters of the resulting
structure are compact and separated. Hence, the higher the
index value is, the better is the clustering. The Dunn’s
index is sensitive to noise and data emissions, in addition,
it can not be used when each element forms an isolated
cluster.

2. Simplified silhouette width criterion [7].

The silhouette of each cluster is determined. First, for
each element cj of the cluster p its “silhouette” is
determined:

min_Jes-vales il
__ 4clzg#p
[} i 5]
qel,z,q#p

Denominator is introduced for normalization. The
high value of the index S.; characterizes the better

belonging of the element ; to the cluster p. The

evaluation of the whole cluster structure is defined as the
average for all elements:

l m
SSWC=—3S.;.
mj_l

Clearly, the best partitioning is achieved when the
SSWC is maximal, it means minimizing the internal
cluster distance by maximizing the external cluster
distance.

3. Bayesian Information Index [13]:
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BIC =
z m  m-n m m —z
=3 mIn— - ——In(27)-— In|z;| - —. ]—
il(' 2 2 i 2
—%Zlnm,
1 Jy— —p
2= C: —Vill .
s T

The higher the BIC index value is, the better is the
clustering model.

If this index for a particular problem increases or
decreases monotonously, then the data set structure can be
detected using a difference function [11]:

DiffFun(z) = BIC(z+1) + BIC(z-1)-2-BIC(z) .

This sequential difference method uses the previous,
subsequent and current index values at the same time. The
points of the minimum DiffFun will determine the
optimal number of clusters.

The prospects of application and development of this
index is confirmed in [11, 21].

It should be noted: if after grouping a single-element
cluster is formed, then it is impossible to use this index.

Group of fuzzy CVls.

1. The Xie-Beni index [17] tries to find the balance
point between fuzzy cluster compactness and separation
of clusters to obtain optimal clustering results:

1 Z m — 2
3 2 o e -vi]
i-1 j=1

XB(z,m)=
min

— 2
=
L]

In the formula, the numerator is the average distance
from the different objects to the centroids (used to
measure the clusters compactness), and the denominator
is the minimum distance between any two centroids,
(defines the clusters separation). Less criterion value
corresponds to a better partition.

2. Bensaid’s index [18]. However, Bensaid et al.
found that the size of each cluster had a great influence on
the Xie-Beni index and proposed a new index that was
insensitive to the number of objects in each cluster. The
Bensaid’s index is defined as

> o) Jox -]
B(z,m)zzkr:1 —
RIS Vl_Vj“

If the number of clusters will approach the number of
objects, then index B, like the XB, will monotonously
decrease to 0. Therefore, in this case, it loses the ability to
determine optimal clustering. The minimum value is
achieved where the clustering is better conducted.
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3. Min Ren et al. (R) [22] proposed an index that
eliminates this problem:

m — 2 — 2
. Z(Hik)r“ci _VkH +(1/21‘Vk —V*
i=l
R(z,m)=Y = -
S ki)Y
= i

Lower index value indicates better clustering schema.

The described indexes have their disadvantages and
advantages. In particular, only the BIC index can
determine the optimal single-cluster structure, but only in
the case of its nonmonotonicity.

The general procedure for determining the optimal
number of clusters for a given data set:

1) setting different clustering thresholds by clustering
method based on fuzzy binary relations, we obtain crisp
or fuzzy partitioning of the data set and fix the value of
the selected CVI;

2) finding local extrema (minima or maxima
according to the chosen index) for the fixed values.

— —12
Vj —Vk“

4 EXPERIMENTS

Data sets.

Given that the validity of machine clustering is
determined by its compliance with the in-person
classification, the verification of the number of clusters
was carried out on the two-dimensional data. This
provides an additional visual opportunity to evaluate the
clustering result and to find the optimal data set structure.

For the experiment, Gaussian synthetic data, with and
without noise were generated. They are of special type
because the problem of finding the optimal number of
clusters on them can be solved differently. So apart from
the optimal cluster structure for them, there is also a
“natural” subcluster one.

The first data set “Purity” (Fig. 3a) consists of 135
points and contains 3 groups of clusters without emissions
with different densities. In addition, this set is also
characterized by subcluster structure of 6 clusters. In
general, the natural for “Purity” is the partition into 3 and
6 clusters.

The dataset Noise (Fig. 3b) contains 150 points
located with approximately similar density. “Natural” for
it is clustering on 2 and 5 clusters.

Scheme of experiment.

For the experiments, a computer program that
implements clustering by a single-level method based on
fuzzy binary relations with a distance similarity measure
and validity indices D, SSWC, BIC, XB, B, R was
developed.

The input information for grouping objects is the

. * .
numerical values h , m, H R and the coordinates of the

objects’ feature-vectors a By setting different clustering
thresholds a crisp and fuzzy clustering of data was
performed and the values of the indices D, SSWC, BIC,
XB, B, R were recorded. Then, for each index, global and
local extrema were recorder.
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5 RESULTS
The results obtained in accordance with the described
procedure of section 4 for the datasets “Purity” and
“Noise” are listed in Tables 1 and 2.

Table 1 — A fragment of the CVIs value for the

“Purity” dataset

5 o The cluster validity indices

o = =)

EZ | 53

22| g2

o 2 =8

=% | gE£| D SSWC BIC XB B R

=

2 0.6 0.76 0.68 —-1151 024 049 050
3 0.85 | 2.02 0.87 -1069 | 021 021 0.49
4 0.88 | 1.05 0.86 —1041 1.99 029 0091
5 091 | 0.64 0.63 -1034 625 @ 024 0.86
6 0.92 | 0.73 0.85 -984 495 022 1.15
7 093 | 0.55 0.73 -980 921 024 146
8 0.94 | 0.63 0.72 -976  13.57 030 2.14
9 0.95 | 0.57 0.71 -966  20.07 037 3.03
10 0.955 | 0.56 0.67 -959 2479 029 2.65

In tables, colored cells display values of the indexes
containing extremes (local or global), and in bold type are
global extremes (Fig. 1).

From the obtained results, it is evident that all CVIs
have determined the optimal number of clusters for both
sets. The indices D, SSWC, XB also correctly defined the
subcluster structure, although the index D determined one
false partition into 8 clusters for the “Purity” set. Indices
B and R correctly determined only the data partition with
the largest isolation of clusters. The index R is insensitive

Value of the CV1

Number of clusters

a

Value of the CV|

to the smaller divisions of both sets. Index B correctly
defined partition of the “Noise” set into 5 clusters, but
also recorded the false partition into 7 clusters.

Since BIC monotonically increases for both datasets
(Fig. 2a), a difference function was constructed (Fig. 2b).

Fig. 2b shows that the minimum values of the DiffFun
curve correctly determine the optimal cluster and
subcluster structure for “Purity” and “Noise” data.

To verify the method based on fuzzy binary relations,
the partitions of the “Purity” set for 3 and 6 clusters
(Fig. 3a) and the “Noise” set for 2 and 5 clusters (Fig. 3b)
are presented.

In Fig. 3 solid line conventionally labels the cluster
structure of data sets, and dotted line — show a subcluster
structure.

Table 2 — A fragment of the CVIs value for the “Noise”

dataset
5 ) The cluster validity indices
o »n E
E5 | 52
5 2 879
= 3 23
23| 5E | p sswc BIC XB B R
EYg oS
© =
h
2 0.75 1.49 0.84 -1123 0.08 0.16 0.16
3 0.8 0.79 0.77 —-1084 0.59 020 0.41
4 0.85 0.55 0.54 -1078 1.92 0.19 0.59
5 0.91 1.04 0.78 -1022 1.56 0.18 0.71
6 0.915 0.56 0.73 -1014 630 023 0.16
7 0917 | 0.44 0.63 -1012  9.89 | 0.17 1.09
8 0.92 0.39 0.59 -1008 12.12 0.18 1.28
9 0.9203 | 0.42 0.56 -1003 12.76 020 1.64
10 0.9209 | 0.46 0.55 —987 9.41 021 1.85
0
——D
| —=—SSWC
+B
—»—R
—a— XB

Number of clusters

b

Figure 1 — A fragment of the geometric interpretation of the D, SSWC, B, R, XB values for the “Purity” (a) and the
“Noise” (b) datasets

© Kondruk N. E., 2019
DOI 10.15588/1607-3274-2019-4-6

63



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaruka, ynpasminas. 2019. Ne 4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019. Ne 4
i _93—0 T T T T ] g
= 3 a < B =
E 2 3 - J 8= — N E .
= -1050 ,gf;— 2 — % |—+—Purity
= | 4 % A6 /7 8 9 = Noise
= -1130 o
G o=
- ]
-1250 s

Number of clusters

a

Number of clusters

b

Figure 2 — A fragment of the geometric interpretation of the BIC (a) and the DiffFun (b) values for the both dataset
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Figure 3 — Geometric interpretation of clustering the “Purity” set (a) and the “Noise” set (b) by means of a method
based on fuzzy binary relations

6 DISCUSSION

All studied CVIs correctly identified the optimal
partition of “Purity” and “Noise” data with the highest
cluster separation (isolation). The SSWC, BIC, D, and
XB indices also discovered sub-cluster structure in both
datasets with a lower separation index. It should be noted
that index D also identified one false split of the “Purity”
set.

Despite the results of experiments, to ensure the
effectiveness of clustering quality estimation and to
obtain objective results, it is appropriate to take into
account not only one index, but several of them.

To determine the natural number of clusters, most
methods involve identifying only the global or first
extremum of the corresponding index. In the conducted
research it is shown that the identifying of local extremes
for the SSWC, BIC, D and XB indices is also important.
It’s can record the optimal sub-cluster structure with less
separation.

CONCLUSIONS
The problem of studying the -effectiveness of
determining the natural structure of data by crisp and
fuzzy cluster validity indices and conducting their
comparative analysis is being solved.
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The scientific novelty of the obtained results is the
following.

1. Set of studies were analysed and the most effective
CVlIs were identified in a crisp and fuzzy group.

2. A study of crisp and fuzzy validity indices applied
to clustering method based on fuzzy binary relations by a
distance similarity measure has been conducted for the
first time.

3. A comparative analysis of the obtained data
considering the determining natural cluster and subcluster
structure for synthetically generated Gaussian dataset with
and without noise is made. The best indices were —
SSWC, BIC, XB. Index D has also shown good results,
but it can also detect false structures.

4. In practice, for the SSWC, BIC, D, and XB indices
it is important not only to find the global extremum but
also local ones. They record the optimal sub-cluster data
structure with a smaller separation.

The practical significance of obtained results is that
the created software implements the clustering method
based on fuzzy binary relations and different types of
CVIs. It makes it possible to conduct crisp and fuzzy data
clustering and to determine dataset natural structure.
Experiments showed its effectiveness in solving some
classes of cluster analysis problems. Datasets with cluster
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and sub-cluster structure were also generated in the work. 9.
They can be used by other researchers in their
experiments.

This work is a continuation and development of
previous research [2, 19, 20]. In the future it is supposed
to use the obtained results for: 11

— development of a combined criterion that would join
the SSWC, XB, BIC indices and would determine optimal
structure clustering applied to a method based on fuzzy

binary relations by distance similarity measure; 12.

— construction of a generalized cluster validity index
for any similarity measures of fuzzy binary relations
method;

— development of a decision support system that 13
would ensure the automatic grouping of objects by
concentric spheres, cones, ellipses clusters without the
preliminary determination of the clustering threshold.

14.
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MOPIBHAJBHE JOCALIKEHHS MOKA3ZHUKIB OITHKH SIKOCTI KJIACTEPU3AIIIL

Konapyk H. E. — kaHA. TexH. HaykK, JOLEHT, JOUCHT Kadeapu KiOCpHETHKH 1 NPUKIAJHOI MaTeMaTHKH Y3KIOpOJCHKOTO
HalliOHAJILHOTO YHIBEPCHUTETY, Y KropoJ, YKpaiHa.

AHOTAIIA

AkTyanabHicTh. KnactepHuii aHamiz € MmetoqoM kiacudikaiii 6e3 yuurelns, ToOTO B yMOBaX KOJIH MonepeHs iHdopmartis mpo
KIJIBKICTh KJIACTEpiB 3a3faieriap HeBigoma. ToMy, 3HAXOMKEHHs ONTHMAJbHOI KiJIBKOCTI KJIacTepiB i MepeBipka pe3ysbTaTiB
Ppo30HTTS HAOOPIB JAHHX € CKIIAAHOIO 3aa4el0 i MOTpedye I0IaTKOBUX JOCTIPKCHb.

MeToro DOCITiIKEHHS € BUBYEHHS €()EeKTUBHOCTI 3HAXOPKEHHS PHUPOIHOI CTPYKTYPH AaHHX YITKHUMH Ta HEUITKHMH iHAECKCAMH
SIKOCT1 KJIacTepu3alii peanxi3oBaHOI METOJOM KJIacTeph3allii OCHOBAHUM HA HEUITKHX OlHApHMX BiJHOIICHHSX Ta MPOBEICHHS iX
MOPIBHSJIBHOTO aHAJII3y.

MeTtoan. [yt po30uTTS HAOOPIB JaHUX BUKOPHUCTAHO METOJ 3aCHOBAHMI HAa HEUITKUX OiHAPHUX BIJHOLICHHSX, KU TO3BOJISE
OJJTHOYAaCHO IPOBOJIMTH YIiTKY Ta HEUITKy KJIaCTepH3allifo 00’ €KTIB 3a pi3HUMH BHAaMH Mip noxidHocTi. B poboTi Bukopucrana mipa
MOJIOHOCTI «BiJICTaHbY, siIka PO30MBAE JaHiI HA CJIMCOIMHI KiIacTepu. 3reHEPOBAHO JBa CHMHTCTUYHI HAOOPH JBOBHUMIPHHUX JaHHX
CHCLIAILHOTO BHIY, NMPHPOIHA KJIACTEPH3allisl SKMX MOXJIHMBa JBOMa crmocobamu. OOuaBa Habopu € rayciBcbkumu. OmucaHo
HaiO1IbII e(eKTHBHI Ta BUKOPHUCTOBYBAHI I'PYNH YiTKHX Ta HEYITKHX 1HAEKCIB SKOCTI KiacTepu3aiil, [0 A03BOJITIOTH BHSBHTH
ONTUMAJILHY CTPYKTYPY JaHHX.

Pesysabratu. IlpoBemeHO MOCHIIKEHHS OLIHKM SKOCTI KiIacTepu3alii METOAOM 3aCHOBaHHMM Ha HEWITKUX OiHapHUX
BiHOIIEHHSAX IIICThMAa 1HAEKCAMHU Ha ABOX Ha0Opax AaHUX. 3p0OJIeHO MOPIBHAIBHUI aHami3 e()eKTHBHOCTI BU3HAYAHHA 1HICKCAMU
SIKOCTI KJIACTEPHOT Ta MiJAKIACTEPHOI CTPYKTYPHU JaHHX.

BucnoBkn. Ha mpakTumi s IeskuxX 1HZEKCIB JOCTOBIPHOCTI PO3OUTTS BAKIMBHM € 3HAXOKEHHS HE TUIBKH ITI0OANBEHOTO
eKCTpeMyMy, a i JOKaJbHUX. BOHM MOXyTh (DiKCyBaTH ONTHUMAIBHY MiIKJIACTEPHY CTPYKTYPY HaHHX i3 MEHIIUM ITOKa3HHKOM
pozninenns. st 3abe3nedeHHst e()eKTUBHOCTI OL[IHKU SKOCTI KiacTepu3alii Ta OTPUMaHHS 00 €KTUBHOT'O Pe3yJIbTaTy NOLIIBHUM €
BpaxyBaHHS HE OIHOIO IHJICKCY, a [EKUIbKOX. B MepCcreKTMBHUX OOCHI/KEHHSX mependavaeTbcs mobyaoBa KOMOIHOBaHOTO
KpHTEpito, 10 MOenHyBaB OM HaleeKTHBHINI IHACKCH OLIHKH KiIacTepu3aiil MEeTOJOM 3aCHOBaHMM Ha HEYITKUX OiHapHHX
BITHOIIECHHSAX 32 BiJICTAHEBOIO MipOI0 MOAIOHOCTI; CTBOPEHHS y3arajJbHEHOTO 1HIEKCY SKOCTI KiacTepHu3amii 3a OyIb-KOK MipOI0
MoAiOHOCTI METOAy HEUiTKMX OiHApHHWX BiJHOIIEHB;, PO3pOoOKa MPOrpaMHOi CHCTEMH, IO 3a0€3MEYHTh aBTOMATHYHE TPYITyBaHHS
00’€KTiB Ha KJIACTEPH KOHIIEHTPUIHIMU c(epaMu, KOHyCaMH, eJlirncaMu 0e3 NonepeaHb0r0 BU3HAYEHHS TOPOTY KIIacTepHu3artii.

KJIFOYOBI CJIOBA: injekcH OLIHKY SKOCTI KIIaCTepH3allii, KJIactep, KiiacTepr3ailis.

VK 519.237.8
CPABHUTEJIbHOE UCCJIEJOBAHUE IMOKA3ATEJIEW OLIEHKA KAYECTBA KJTACTEPA3ALINN

Konapyk H. J. — xaHI. TexH. HayK, JOLEHT, AOICHT Kaeapbl KHOCPHETHKH W TPHKIAJHOW MaTeMaTHKH Y KTOPOACKOTO
HAIMOHAJIBHOIO YHUBEPCUTETA, YKIOpo, YKpauHa.

AHHOTAIUSA

AxTyanbHoOcTh. KitacTepHbIi aHanu3 sBISIETCS METOAOM Kiaccudukanmy 0e3 yduTens, TO €CThb B YCIOBHAX, KOIJa
IIpe/iBapyuTelIbHast HHPOPMAIHs O KOJIWYECTBE KIaCTepPOB 3apaHee HeM3BecTHA. [109ToMy, HaXOXKAEHHE ONTHMAIBHOTO KOJINYECTBA
KJIACTEpPOB M TPOBEPKA pE3yNBTATOB pPa30OMEHUs] HAOOPOB MAHHBIX SIBIAETCS CIOXKHOM 3amauei M TpeOyeT MOMOIHUTENBHBIX
HCCIIEIOBAHUM.

Lenpto mccnemoBaHus SBISETCS n3ydeHHE A(P(EKTUBHOCTH HAXOXKIACHUS €CTECTBEHHOH CTPYKTYPHl IAHHBIX UETKUMU H
HEYCTKUMU WHJEKCAaMH KadecTBa KJIACTEPU3ali OCHOBAaHHONH HAa HEYETKMX OHHApHBIX OTHONICHUSX M TPOBEACHUS UX
CPaBHHTEIBHOTO aHAIN3A.

Metoasl. s pa3dueHust HaOOPOB JAHHBIX HCIIOIH30BAH METOJ[ OCHOBAHHBIN Ha HEUETKUX OMHApPHBIX OTHOIICHUSX, KOTOPBIH
M03BOJISIET OJXHOBPEMEHHO IPOBOJUTH YETKYI0O M HEUETKYIO KJIACTEPH3aIlHi0 OOBEKTOB IO Pa3IMYHBIM BUIAM Mep CXOACTBa. B
paboTe uCIoIbp30BaHa Mepa CXOJCTBA «PACCTOSIHUEY», KOTOpasl pa30uBaeT NaHHbIE Ha DJUIMICOMIHBIE KilacTepbl. CreHepHpOBaHO 1Ba
CHHTETHYECKHE HAa0OpBI JBYMEPHBIX NaHHBIX CHELHAIbHOrO BHUJA €CTECTBEHHAs KJIacTEpU3alis KOTOPHIX BO3MOJYKHA JBYMS
cnocobamu. Oba Habopa sABIsOTCS rayccoBCKUMU. Onncanbl Hanboee 3 eKTHBHBIC U HCIIOIb3YeMbIE TPYIIbI YeTKUX M HEYSTKHX
MHJIEKCOB KaueCTBa KJIACTEPH3ALHH, T03BOJISIONINE BBIIBUTH ONTUMAIIBHYIO CTPYKTYPY JaHHBIX.

PesyabTartsl. [IpoBeneHo ncciaenoBaHHe OLEHKHM KadecTBA KJIACTEPU3ALUM METOJOM OCHOBAHHBIM Ha HEYETKHX OMHAPHBIX
OTHONICHUSX INECThI0O MHIEKCAMH Ha JABYX Habopax naHHbIX. CHermaH CpPaBHUTENBHBINA aHamW3 3(Q(EKTHBHOCTH OHpEIeICHUS
HHJIEKCaMH KauecTBa KJIACTEPHOH U MOAKIACTEPHOM CTPYKTYPBI JaHHBIX.

BriBoasl. Ha mpakTuke Uit HEKOTOPBHIX HMH/EKCOB JTOCTOBEPHOCTH PA30OMEHUs] BaXKHBIM SBIISETCS HaXOXICHHE HE TOJIBKO
rJ00aNnbHOr0 IKCTPEMyMa, HO M JIOKaJbHBIX. OHM MOTYT (DMKCHPOBATh ONTHUMAIBHYIO IOIKIACTEPHYIO CTPYKTYPY HIAHHBIX C
MEHBIIUM TOKa3atesieM pasjeneHus. s oGecnedeHus S(QQEKTUBHOCTH OLEHKM KadyecTBa KIACTEpPHU3AlMU M IOJTyYCHUS
0OBEKTHBHOTO pe3yNlbTaTa LEeNecooOpa3HO yUYHWTHIBATh HE OAWH MHJAEKC, a HECKOIbKO. B MepCHeKTHBHBIX MCCIEJOBAHHUIX
IpearosaraeTcss IOCTPOCHHE KOMOMHMPOBAaHHOTO KpPUTEpHs, codeTaromero 3(@QeKTHBHbIE HHAEKCHl OLECHKH KIAaCTepH3alUH
METOJOM OCHOBAaHHBIM Ha HEUETKNX OMHAPHBIX OTHOIICHUSIX IO CTEIIEHH CXOJCTBA «PACCTOSHHE); CO3MaHNe 0000IEHHOr0 HHEKCa
KadecTBa KJIACTEPH3AIMM II0 JIO00I CTENeHM CXOACTBAa METO/Aa HEYETKHX OWHAPHBIX OTHOIICHWI; pa3paboTKa MPOrpaMMHOI
CHCTEMBI, KOTOpast 00ECHEeYUT aBTOMATHYECKOE TPYIITHPOBaHNE 00BEKTOB HA KJIACTEpPhl KOHIEHTPUUECKUMH C(epaMu, KOHyCaMHu,
aymncamy 6e3 IpeBapUTeNILHOTO ONpeIeIeHHs II0pOora KJIacTepH3aIiu.

KJIFOYEBBIE CJIOBA: nHieKChl OLICHKH KauecTBa KJIacTepu3allum, KJIacTep, KiacTepusaiusl.
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ABSTRACT

Context. The problem of automation synthesis of artificial neural networks for further use in diagnosing, forecasting and pattern
recognition is solved. The object of the study was the process of synthesis of ANN using a modified genetic algorithm.

Objective. The goals of the work are the reducing the synthesis time and improve the accuracy of the resulting neural network.

Method. The method of synthesis of artificial neural networks on the basis of the modified genetic algorithm which can be im-
plementing sequentially and parallel using MIMD — and SIMD-systems is proposed. The use of a high probability of mutation can
increase diversity within the population and prevent premature convergence of the method. The choice of a new best specimen, as
opposed to a complete restart of the algorithm, significantly saves system resources and ensures the exit from the area of local ex-
trema. The use of new criteria for adaptive selection of mutations, firstly, does not limit the number of hidden neurons, and, secondly,
prevents the immeasurable increase in the network. The use of uniform crossover significantly increases the efficiency, as well as
allows emulating other crossover operators without problems. Moreover, the use of uniform crossover increases the flexibility of the
genetic algorithm. The parallel approach significantly reduces the number of iterations and significantly speedup the synthesis of
artificial neural networks.

Results. The software which implements the proposed method of synthesis of artificial neural networks and allows to perform
the synthesis of networks in sequentially and in parallel on the cores of the CPU or GPU.

Conclusions. The experiments have confirmed the efficiency of the proposed method of synthesis of artificial neural networks
and allow us to recommend it for use in practice in the processing of data sets for further diagnosis, prediction or pattern recognition.
Prospects for further research may consist in the introduction of the possibility of using genetic information of several parents to form
a new individual and modification of synthesis methods for recurrent network architectures for big data processing.

KEYWORDS: data sample, synthesis, artificial neural network, genetic algorithm, neuroevolution, mutation.

ABBREVIATIONS
ANN is an artificial neural net;
EA is an evolutionary algorithm;
ESP is an enforced subpopulations;
MGA is a modified genetic algorithm;
NEAT is a neural evolution through augmenting to-
pologies;
PMG is a parallel modified genetic algorithm;
RAM is a random access memory;
RV is a random value;
SANE is a symbiotic adaptive neuroevolution.

G is a generation of the individuals;

Oing 1s a genes (genetic information) of the individ-
ual;

Ind is an individual from the population (generation);

Ny, is a hidden neuron;

N; is an input neuron;

Ng is an output neuron;

NN is a neural net or individual from the population

(generation);
P is a population of the individuals (neural nets);

NOMENCLATURE
FB is a feedback connection between neurons;

fcompaiff is a criterion which characterizes the condi-

tional complexity of the network;
feon is a criterion which characterizes the degree of

connectedness of neurons in the network;
f fitness 18 @ fitness function of the individual;

fiop.diff is a criterion which characterizes the com-

plexity of the network;

Pconvergene 18 @ probability of early convergence of
the method;
Pmut is a probability of mutation;

W is a connection between neurons.

INTRODUCTION
The choosing of topology and configuration the
weights of connections of the ANN are the most impor-
tant stages in the use of neural network technologies for
solving practical problems [1-7]. From these stages de-
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pends on the quality (adequacy) of the obtained neuronet
models, control systems, etc.

Synthesis of ANNs by the traditional method is per-
formed, in fact, through trial and error. The researcher sets
the number of layers of neurons, as well as the structure of
connections between them (the presence/absence of recur-
rent connections), and then analyzes the result. That is,
ANNE is trained using any method, and then tested on a test
sample. If the results of the synthesis meet the specified
criteria, the task of building the ANN is considered to be
completed successfully; otherwise, the process is repeated
with other values of the output parameters [8—15].

Of course, the rapid development of the theory and
practice of the using of genetic algorithms, forced re-
searchers to look for ways to apply them to the problem
of searching optimal structure of ANN (the evolution of
neural networks or neuroevolution). This decision be-
comes even more logical if drawing a parallel with the
real world, that is, if the idea of ANNSs is borrowed from
the nature, then the evolution of the nervous system with
the subsequent formation and development of the brain is
an example of solving such a problem [16, 17].

The object of study is the process of synthesis of
ANN using a modified genetic algorithm.

For the decision of tasks of choosing the topology of
ANN, and settings of the weights of all neurons and rig-
orous methods to date do not exist. The proposed solu-
tions are aimed at solving local problems, through which
the structure of the ANN is unsatisfactory, and the train-
ing time is large. In this case, it must to create a network
and make calculations again. Even less attention is paid to
the construction of multilayer asymmetric ANNSs, charac-
terized by complexity and multivariance.

The subject of study is the sequential and parallel
method of synthesis of ANNs.

To date, there are several methods for the synthesis of
ANN:S, based on the use of evolutionary algorithms, how-
ever, it should be noted that most of these methods have
similar disadvantages: a considerable time and a highlyit-
erative nature. Therefore, the paper proposes two ap-
proaches: a MGA and PMGA for the synthesis of ANNs.

The purpose of the work is to reduce the synthesis
time and improve the accuracy of the resulting ANN. Ad-
ditionally, determine the feasibility of using parallel im-
plementation of MGA.

1 PROBLEM STATEMENT

The basis of ANNs are neurons with a structure simi-
lar to biological analogues. Each neuron can be repre-
sented as a microprocessor with several inputs and one
output. When neurons are joined together, a structure is
formed, which calls a neural network [18]. Vertically
aligned neurons form layers: input, hidden and output.
The number of layers determines the complexity and, at
the same time, the functionality of the network, which is
not fully investigated.

For researchers, the first stage of creating a network is
the most difficult task. The following recommendations
are given in the literature [10].

1) the number of neurons in the hidden layer is de-
termined empirically, but in most cases used the rule
Np <N +Ng;

2) increasing the number of inputs and outputs of the
network leads to the need to increase the number of neu-
rons in the hidden layer;

3) for the ANNs modeling multistage processes re-
quired additional hidden layer, but, on the other hand, the
addition of hidden layers may lead to overwriting and the
wrong decision at the output of the network.

Based on this, we present the problem as follows: for
the synthesis of ANN (NN ) it is necessary to determine

the set of neurons N :{Ni,No,Nh}, what consists of
subsets of input N; ={Ni1,N- Nin},n=1,2,...,|Ni|,

[REIRED

output N ={Ng, N, .sNg fn=12,...N| and hidden

neurons Np, = {Np, N, s Ny fn=12,...|Np| and a lot

of weights of connections between neurons w={w;}.

Having determined the values of the elements of the sets,
we can consider the synthesis of ANN — complete.

2 REVIEW OF THE LITERATURE

The combination of ANNs and EA makes it possible
to combine the flexibility of setting ANNs and adaptabil-
ity EA, which allows to implement a largely unified ap-
proach to solving a wide range of problems of classifica-
tion, approximation and modeling [19-29].

The first work on the use of EA for training and set-
ting up ANN’s, appeared about 20 years ago [30-31].
Research in this area is usually associated with the fol-
lowing tasks:

—searching for the values of weights of connections
ANNSs with a fixed structure;

— setting the structure of the ANN without first finding
the weights of connections;

— setting the parameters of the training algorithm;

— setting parameters of neuronal activation functions;

— filtering training data;

— various combinations of the above tasks.

Neuroevolution approach for simultaneous solution of
two main tasks of the synthesis of ANNs: setting the
weights of connections and the structure of ANN, allows
compensating to some extent the disadvantages, inherent
in each of them separately and combining their advan-
tages [32-35]. On the other hand, the price of it is a huge
searching space, as well as combining a number of disad-
vantages caused by the using of the evolutionary ap-
proach. Summing up, we list the advantages and disad-
vantages.

The advantages include:

1) independence from the structure of ANN and char-
acteristics of neuronal activation functions;

2) the ability to automatically search for the ANN to-
pology and obtain a more accurate neural network model.
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As noted, the synchronous solution of two problems
avoids some difficulties. So the appearance of individuals
in the population, which correspond to ANNs with differ-
ent topologies, reduces the importance of the problem of
competing solutions, and the availability of information
about the weights of connections allows to bypass the
problem of subjective assessment of the structure of ANN
[33], due to the fact that the structure of the neural net-
work is not estimated, but the entire ANN completely.

However, there are other disadvantages:

1) the complexity of fine-tuning the connections
weights in the later stages of evolutionary search;

2) large, compared with gradient algorithms, the re-
quirements for the amount of RAM through the use of the
population of ANNs;

3) the complexity of the organization of search topol-
ogy ANN.

Despite the fact that in most of the works devoted to
the neuroevolutionary approach, only a theoretical ap-
proach to solving the problems of neural network optimi-
zation is proposed, several methods can be found that are
recognized as promising and worthy of attention [32—-39].

From the early works of noteworthy cellular Frederick
Gruau method [40-42] uses a special grammar for the
representation of neural network structures. One individ-
ual represented an entire neural network, with each neu-
ron considered as a biological cell, and the growth of the
network was determined through the mechanisms of se-
quential and parallel “division” of neurons i.e. cells.
However, this method involves the implementation of a
large number of specific operators that provide simulation
of cell activity.

The SANE [43, 44] method uses a different approach.
It is consider the development of two independent popula-
tions, one of which individuals are separate neurons, and
the other contains information about the structures of an
artificial neural network. The disadvantages of this meth-
od include the fact that the number of hidden neurons and
connections is limited.

The ESP method [45, 46] is a development of the sane
method. Its main difference is that the network structure is
fixed and is given a priori. The population of neurons is
divided into subpopulations, in each of which the evolu-
tion is independent. Due to parallelization of the solution
search, as well as simplification of the problem due to the
rejection of the evolution of the artificial neural network
structure, ESP works much faster than SANE, sometimes
by an order of magnitude, but for the successful operation
of the method it is required to choose the appropriate
structure of the neural network [47].

One of the most potentially successful attempts to get
rid of the disadvantages of direct coding while preserving
all its advantages is the method proposed in 2002, called
NEAT [48, 49]. Designed by Kenneth Stanley, the NEAT
method allows customizing the structure of the network,
and without restrictions on its complexity. The solution
proposed by the authors is based on the biological concept
of homologous genes (alleles), as well as on the existence
in nature of the synapsis process — the alignment of ho-
mologous genes before the crossover. The technique as-
sumes that two genes (in two different individuals) are

homologous if they are the result of the same mutation in
the past. In other words, with each structural mutation
(gene addition), a new gene is assigned a unique number,
which then does not change during evolution. The method
uses a number of techniques, such as historical labels and
specialization of individuals, to make the process of evo-
lution significantly more efficient [50].

Summing up, it can be noted that the joint use of evo-
lutionary methods and artificial neural networks allows us
to solve the problems of configuration and training of
artificial neural networks both individually and simulta-
neously. One of the advantages of this synthesized ap-
proach is largely a unified approach to solving a variety of
problems of classification, approximation, control and
modeling. The use of qualitative evaluation of the func-
tioning of artificial neural networks allows the use of neu-
roevolutionary methods to solve the problems of the study
of adaptive behavior of intelligent agents, the search for
game strategies, signal processing. Despite the fact that
the number of problems and open questions concerning
the development and application of neuroevolutionary
methods (coding methods, genetic operators, methods of
analysis, etc.) is large, often for the successful solution of
the problem with the use of neuroevolutionary method
adequate understanding of the problem and neuroevolu-
tionary approach, as evidenced by a large number of in-
teresting and successful works in this direction [33-36].

3 MATERIALS AND METHODS

The paper proposes a consistent implementation of
MGA for the synthesis of ANN.

In the method, which is proposed to find a solution us-
ing a population of neural networks:
P={NN;,NN,,.,NN_}, that is, each individual is a
separate ANN Ind; — NN; [51]. During initialization
population divided into two halves, the genes
Oind, = {gl, gz,...,gn}of the first half of the individuals is

randomly assigned
Oind; = {91 =Rand, g, =Rand,...,g, = Rand}. Genes of

the second half of the population are defined as the inver-
sion of genes of the first half

Jind; = {91 =Rand, g, = Rand,..., g, =Rand}. This al-

lows for a uniform distribution of single and zero bits in
the population to minimize the probability of early con-
vergence of the method: pgynyergenc e = min -

After initialization, all individuals have coded net-
works in their genes without Ny, and all N; are con-
nected to each N, . That is, at first, all the presented

ANNSs differ only in the weights of the interneuron con-
nection W;. In the process of evaluation, based on the
genetic information of the individual under consideration,
a neural network is first built, and then its performance is
checked, which determines the fjyess Of the individual

[51-53]. After evaluation, all individuals are sorted in
order of reduced fitness, and a more successful half of the
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sorted population is allowed to cross, with the best indi-
vidual immediately moving to the next generation. In the
process of reproduction, each individual is crossed with a
randomly selected individual from among those selected
for crossing. The resulting two descend-ants are added to
the new generation: G = P'={Ind;, Ind,,..., Ind,, } . Once a

new generation is formed the mutation operator starts
working. However, it is important to note that the selec-
tion of the truncation significantly reduces the diversity
within the population, leading to an early convergence of
the algorithm, so the probability of mutation is chosen to
be rather large: py, =15-25% [51].

If the best individual in the population does not change
within a certain number of generations (by default, it is
proposed to set this number at seven), a new best individual
is selected from the queue. This approach significantly
saves time and resources of the system, in contrast to the
complete restart of the method, but also allows implement-
ing the exit from the area of local extrema due to the relief
of the objective function, as well as a large degree of reli-
ability of individuals in one generation.

It should be noted that the number of hidden neurons
is theoretically unlimited. To regulate the size of the re-
sulting networks, three criteria are used: the criteria for
regulating the size and direction of development of the
network, allowing at the stage of mutation to adaptively
choose which type of structure transformation is more
suitable for this network.

Obviously, the chosen method of coding requires spe-
cial genetic operators that implement crossover and muta-
tion.

The uniform crossover operator is one of the most ef-
ficient recombination operators in the standard genetic
algorithm [54-56].

Uniform crossover is performed according to a ran-
domly selected pattern that indicates which genes should
be inherited from the first father (other genes are taken
from the second parent). That is, the General rule of uni-
form crossing can be represented as follows:

Crossover(Ind;, Ind,, DataofCros) = Ind,

Oind, = {91 = Rand(glndlaglndzl
9, = Rand (glnd1 »91nd, )7:

9i = Rand(glndlagln%)}'
An example of a uniform crossover is shown in Fig. 1.
parent1:[001100111010]]  eossoer  [1011011110 10]: child 1
{parentZ:[lOlOllOllOll} [0010100110 11]: child 2

4 5 6 7 8 9 10 11 12
1101 11 0 1 1

(1

locus :

12
etalon : 0 1

3
0
Figure 1 — Example of a uniform crossover

It has long been known that setting the probability of
transmission of the parent gene to the offspring in uni-
form crossing can significantly improve its efficiency [54,
55], and also allows you to emulate other crossing opera-
tors (single-point, two-point). It is also known that the use
of the operator of uniform crossover allows the use of the

so-called multi-parents recombination, when more than
two parents are used to generate one offspring. Despite
this, most studies use only two parents and a fixed prob-
ability of gene transfer is 0.5 [54].

Uniform crossover gives more flexibility when com-
bining strings, which is an important advantage when
working with genetic algorithms.

When using the proposed method, such types of muta-
tion operator can be used:

1) adding a hidden neuron with an index assignment
[N, —1]. The new neuron is added along with the input

and output connections. In this case, the output connec-
tion of the neuron can not bind it to the input neuron;

2) removal of a randomly selected hidden neuron
along with all input and output connections. In this case,
if a gap is formed in the remaining indices of neurons, the
correction of indices in accordance with the above algo-
rithm. The input and output neurons of the network can-
not be removed,;

3) adding a connection. Randomly determine the start-
ing and ending indexes of the neurons in ANN submitted
by mutating individual. In this case the connection can’t
end the input to the neuron. The link weight is also deter-
mined randomly with: [N}, —1]. If the ins already has a

connection with similar input and output neurons, its
weight is replaced by a random,;

4) delete a randomly selected connection. In this case,
a situation may arise when the last connection in the hid-
den neuron is removed. In this case, the neuron is re-
moved, and, if necessary, the correction of neuronal indi-
ces of the network;

5) changing the weight of a randomly selected connec-
tion to a random value from the range [-0.5; 0.5].

Thus, using mutations of points it is possible to
change the parameters of the structure of ANN.

Chaotic addition (removal) of neurons and connec-
tions can lead to situations where, for example, the net-
work has many neurons and few connections. More logi-
cal would be to use different types of mutations depend-
ing on the characteristics of the network architecture pre-
sented mutouch individual. For this purpose, three criteria
were introduced that regulate the size and direction of the
network development [57, 58].

The first of them characterizes the degree of connect-
edness [57] of neurons in the network and is calculated by
the formula:

feon = A @
27BN (N 1)~ Ni (N 1) (1= FB)No (No ~ 1)

It is worth noting that connections from hidden neu-
rons to the output can appear in any case. Thus, the small-
er the more likely it is that a new connection will be add-
ed as a result of the mutation.

The use of the second coefficient is based on the as-
sumption that the more elements in the sum of the input
and output vectors of the training sample (the more the
total number of input and output neurons), which is likely
the more complex should be the ANN required to solve
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the problem [57]. The second coefficient is calculated by

the formula:

Ni + NO
N, 3

That is, the more neurons in the network, the lower the
value of the criterion fio it and the less likely the mu-

ftop.diff =

tation will be chosen, which adds a new hidden neuron.
The third criterion is also based on the assumption that
a more complex network should be used to solve more
complex problems. However, this criterion characterizes
the conditional complexity of the network. This criterion is
based on the concept of cyclomatic complexity [59], [60].

N; +N
fcomp.diff = IN—O~ 4)
s
For any of the described cases, a ligament
feon * frop.diff * fcomp.diff s used in the method, since the

degree of connectedness of existing neurons must be
taken into account for use.

Removing connections in ANN gives a side effect:
may appear hanging neurons that have no incoming con-
nections, as well as dead-end neurons, i.e. neurons with-
out output connections. In cases where the function of
neuronal activation is such that at zero weighted sum of
inputs its value is not equal to zero, the presence of hang-
ing neurons makes it possible to adjust the neural dis-
placement. It is worth noting that, in addition to ensuring
the diversity of the population, the removal of connec-
tions can contribute to the removal of some of the unin-
formative and lowinformative input features.

> ftop,diff.zfcon*fcomp.dfff >

false

In the developed method, it is proposed to use an
adaptive mutation mechanism [57, 59, 60], which pro-
vides for the choice of the mutation type depending on the
values of the criteria fcon , fiop it and feomp gif -

The choice of mutation type is determined based on
the value of the multiplication feon - fiop diff - fcomp.diff -

This approach on the one hand does not limit the number
of hidden neurons, on the other, prevents the immeasur-
able increase in the network, because the addition of each
new neuron in the network will be less likely. A mutation
of the weight of a randomly existing bond occurs for all
mutating individuals with a probability of 0.5.

Fig. 2 shows a schematic representation of the muta-
tion type selection process.

Given the features of the proposed MGA synthesis of
neural networks, its parallel form can be represented as in
Fig. 3. All stages of the method can be divided into 3
stages, separated by points of barrier synchronization. At
the first stage, the main core initializes the population P,
and adjusts the initial parameters of the method, namely:
the stopping criterion, the population size, the criteria for
adaptive selection of mutations. Next, the distribution of
equal parts of the population (subpopulations) and initial
parameters to the cores of the computer system is per-
formed. Initialization of the initial population cannot be
carried out in parallel on the cores of the system, because
the generated independent populations intersect thus in-
creasing the search for solutions. The second stage of the
proposed method is performed in parallel by the cores of
the system. All cores perform the same sequence of op-
erations on their initial population. After the barriersyn-
chronization, the main core receives the best solutions

Removing a

true random connection

Removing a
random neuron

false

N

Adding neuron

false

/
- g
\ Ny>0 trueP
~.
S
false
_
T o
_><\\RV>fcomp.diﬁ
S Adding a random

Removing a
random neuron

neuron

Figure 2 — The choice of the type of mutation
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from the other cores and checks the stopping criterion. If
it is, then the next G is formed. Otherwise, after chang-
ing the initial parameters, allowing the cores of the system
getting the other solutions, return to the distribution of the
initial parameters to the cores on the system is performed.

Population initialization
P={NN,, NN,,..., NN,;}

'

A\ 4

Setting initial parameters

Assignment of the genes
of a population
Gind={81: &2---&nl

|

Setting the value of the
weights of neural
connections w;

'

Evaluation of genetic
information of individuals
Ind;

'

Choosing the best
individual

'

Sorting of the individuals

'

Crossing of individuals

'

Choosing new best
individual

NN,

NN,

A 4

Assignment of the genes
of a population
Gind={81, &2---8n}

|

Setting the value of the
weights of neural
connections w;

'

Evaluation of genetic
information of individuals
Ind;

'

Choosing the best
individual

'

Sorting of the individuals

'

Crossing of individuals

'

Choosing new best
individual

NN,

Assignment of the genes
of a population
Zind={81 &2---&nl

.

Setting the value of the
weights of neural
connections w;

'

Evaluation of genetic
information of individuals
Ind;

'

Choosing the best
individual

'

Sorting of the individuals

'

Crossing of individuals

'

Choosing new best
individual

Changing initial
parameters

false

A 4

Synchronization of the
best individuals in the
populations

he stop criterion is
reached

Formation of a new
generation G=P’

Figure 3 — Schematic representation of PMGA

And then the cores perform parallel calculations accord-
ing to the second stage of the method.

The proposed parallel method for ANN synthesis can
be applied both on MIMD-systems [61] (clusters and su-
percomputers) and on SIMD (for example, GPU pro-

grammed with CUDA technology).
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4 EXPERIMENTS

The proposed methods for MGA and PMGA were
compared with existing analogues: ESP, SANE and
NEAT.

Also note that testing the MGA, ESP, SANE and
NEAT will occur using the following hardware and soft-
ware: the computing system of the Department of soft-
ware tools of National University ‘“Zaporizhzhia Poly-
technic” (NUZP), Zaporizhzhia: Xeon processor E5-2660
v4 (14 cores), RAM 4x16 GB DDR4, the programming
model of Java threads.

The experimental verification of the proposed PMGA
will additionally be performed with the additional use of
the Nvidia GTX 960 GPU with 1024 cores, which are
programmed using CUDA technology.

This testing technology will further compare the speed
and performance of the PMGA on the MIMD-systems
and SIMD.

For testing it used a training sample of Physical Un-
clonable Functions Data Set from the open repository UCI
Machine Learning Repository [62, 63]. General informa-
tion about the sample are given in table 1.

Table 1 — General information about data set

For ANN training, 5 million instances were used, and
testing of the resulting ANN occurred on 1 million in-
stances from the sample.

5 RESULTS

Table 2 presents the overall results of the proposed
MGA in comparison with the results of existing ana-
logues. Particular attention is paid to the determination of
the time needed for the synthesis of ANN, the value of the
average error in training stage and the value of the aver-
age error when working in test mode.

Tables 3—5 show the results of testing PMGA using
different hardware and using different number of CPU
and GPU cores during operation.

Table 3 shows how the time spent on the synthesis of
ANN changes when the number of CPU or GPU cores is
increased.

Table 4 shows the speedup changes depending on the
number of CPU or GPU cores used.

Table 5 shows the changing the communication over-
head with the increase in used CPU or GPU cores.

For more clarity, the dependence of the speedup on
the number of CPU cores used in the form of a diagram is
shown in Fig. 4, for the GPU at the Fig. 5.

s tcg}tlerimi — (i}/}a?“er@:“ Fig. 6 shows the efficiency graph of NUZP computing
A;r?bu:e Chzrrzcctzrrﬁ,tllccss l;ng;;a ¢ systems when executing the proposed method.
Number of Instances: 6000000
Number of Attributes 129
Table 2 — General results of the testing
Method Training time (time for synthesis ANN), s Average error in training stage Average error when in test mode
ESP 30923.87 2.72 2.88
SANE 53498.30 3.02 3.39
NEAT 99506.83 1.71 2.09
MI'A 86132.26 1.01 1.47
Table 3 — Dependence the execution time of the proposed method to the number of involved cores
Using CPU
Number of involved cores 1 2 4 8 16
Execution time 86132,26 46660,08 24587,93 13830,56 8053,90
Using GPU
Number of involved cores 60 120 240 480 960
Execution time 86764,77 52492,69 33857,78 24039,03 20192,78

Table 4 —Dependence the speedup to the number of involved cores

Using CPU
Number of involved cores 1 2 4 8 16
Speedup 1,00 1,85 3,50 6,23 10,69
Uding GPU
Number of involved cores 60 120 240 480 960
Speedup 0,99 1,64 2,54 3,58 427
Table 5 — Dependence the communication overhead to the number of involved cores
Using CPU
Number of involved cores 1 2 4 8 16
Communication overhead 0.00 0.08 0.14 0.24 0.41
Using GPU
Number of involved cores 60 120 240 480 960
Communication overhead 0.16 0.21 0.29 0.42 0.68
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Figure 6 —The efficiency graph NUZP computing systems when executing the proposed method
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6 DISCUSSION

As can be seen from the results in Table 1, consistent
implementation MGA at the time of synthesis of ANN to
the two existing analogues namely ESP and SANE, but is
far ahead NEAT. If we compare the value of the average
error in the synthesis of ANN, then using MGA it was
possible to minimize it to 1.01%, which is significantly
ahead of the results of analogues. It should also be noted
that when testing is synthesized ANN in the case of
MGA, the results are much better than analogs, so the
average error value of the output of the ANN is 2.3 times
less than, for example, in ANN synthesis by the method
SANE. Therefore, it is possible to make a conclusion that
the proposed MGA significantly exceeds the existing
methods in the accuracy of the synthesized neural net-
work.

As already noted, the testing of PMGA was carried
out under a different scenario for a more complete study
of the applicability and feasibility of the method on dif-
ferent parallel computing systems.

As can be seen from Table 3, the proposed method has
an acceptable degree of parallelism and is effective on
both MIMD-systems and SIMD. So on when using CPU
cores it was possible to reduce execution time of a method
from 86132.26 seconds (on one core) to acceptable
8053.90 seconds on 16 cores. However, it should be noted
that when using a slightly different MIMD system, such
as a cluster, there would be significant performance dif-
ferences due to architectural features. In the cluster, the
cores are connected using the InfiniBand Communicator,
and in the multi-core computer they are located on the
single chip, which explains the smaller impact of over-
head (transfers and synchronizations). In addition, the
processor model in a multi-core computer supports Turbo
Boost [64] technology, so that the execution time of the
method on one such core is much less than the execution
time on the cluster core, which does not support such
technology.

On the GPU with 960 cores involved in the execution
time became 20192.78 seconds that can be adequately
compared with the four cores of the computer.

From Table 4 and the graphs in Fig. 4 and 5 it can be
seen that the speedup, though not linear, but approaches
to linear. This is due to the fact that the share of overhead
(Table 5) communication overhead execution of the pro-
posed method in computer systems is relatively small, and
the number of parallel operations significantly exceeds
the number of consecutive operations and synchroniza-
tions. In communication overhead we understand the ratio
of the time spent by the system on forwarding and syn-
chronization between cores, in the time of target calcula-
tions on a given number of cores.

The graph of efficiency of computer systems NUZP is
presented in Fig. 6. It shows that the using of even 16
cores of computer systems for the implementation of the
proposed method retains the efficiency at a relatively ac-
ceptable level and indicates the potential, if necessary and
possibly, to use even more cores.

Thus, the proposed method is well developed on mod-
ern computer architectures, which can significantly re-
duce the time of the task of synthesis of ANN. The paral-
lel approach significantly increases the efficiency of se-
quential MGA and makes it even more acceptable for the
synthesis of ANNSs, through a significant reduction in
time costs and maintaining high accuracy of the obtained
neural networks.

CONCLUSIONS

The urgent problem of the synthesis of the ANNs us-
ing for diagnosis and future forecasting has been solved.

The scientific novelty lies in the fact that for the syn-
thesis of ANNSs is proposed to use a modification of the
classical GA. So the input of the high probability of muta-
tion allows to increase the diversity within the population
and to prevent early convergence of the method. The
choice of a new best individual, as opposed to a complete
restart of the method, significantly saves system resources
and ensures the exit from the area of local extrema. The
use of new criterias for adaptive selection of mutations,
firstly, does not limit the number of hidden neurons, and,
secondly, prevents the immeasurable increase in the net-
work. The use of uniform crossing significantly increases
the efficiency, as well as allows you to emulate other
crossover operators without problems. Moreover, the use
of uniform crossover that increases GA flexibility. The
parallel approach significantly reduces the number of it-
erations and significantly accelerates the synthesis of
ANN:G.

The practical significance of obtained results in the
fact that the practical problems of synthesis of ANNs are
solved, which can later be used for diagnosis and pattern
recognition. The experimental results showed that the
proposed synthesis methods allow to obtain accurate
ANN based on the input data and can be used in practice
to solve practical problems of diagnosis, prediction and
pattern recognition.

Prospects for further research are the introduction
of the possibility of using genetic information of several
parents to form a new individual and modification of syn-
thesis methods for recurrent ANNs architectures for big
data processing [65—68].
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VIIK 004.89
MOJUPIKALIS TA ITAPAJIEJIBAIIA TEHETUYHOI'O AJITOPUTMY JJIsI CMHHTE3Y
IMTYYHUX HEAPOHHNX MEPEX

Jleomenko C. [I. — acmipanT kadenpu nporpaMHux 3aco6iB HamionamsHoro yHiBepcutety «3amopizbka [Tomitexnikay, 3amnopi-
HOKsL, YKpaiHa

Ouiiinuk A. O. — KaHA. TEXH. HayK, JOIIEHT, AOLCHT Kadeapu mporpaMHuX 3acobiB HarionansHoro yHiBepcuTeTy «3amopi3bka
[omnitexnikay, 3anopixoks, YKpaiHa.

Cy66o0tin C. O. — 1-p TexH. HayK, mpodecop, 3aBigyBay kKadenpu mporpaMHuX 3aco0iB HamioHansHOTO yHIBEpCUTETY «3amopi-
3pka [lomitexHikay, amopixoks, YkpaiHa.

Jluteun B. A. — acnipanT xadenpu nporpamMuux 3aco6iB HanioHansHoro yHiBepeuTeTy «3anopizbka [lomiTexHikay, 3amopixoks,
VYkpaina.

Hlxapynuao B. B. — kaHx. TexH. HayK, IOLEHT, JOLEHT Kadepu KOMIT FOTEpPHUX CHCTEM i Mepexx HarioHansHoro yHiBepcuTeTy
GiopecypciB i MPUPOJOKOPUCTYBaHHS Y KpaiHH.

AHHOTAIIA

AKTyasnbHicTb. BupinieHo 3agauy aBromMaTH3anii CHHTE3y IITYYHHX HEHPOHHHX MEPEX Ul MOAAIBLIOTO BUKOPUCTaHHS IPH
JlarHOCTYBaHHI, IPOTHO3YBaHHI Ta po3Mi3HaBaHHI 00pa3iB. O0’€KT JOCIIKEHHS — POLeC CHHTE3y MTYYHUX HEHPOHHUX MEpEex 3a
JIOIIOMOTOI0 TEHETHYHOTO alNropuTMy. IIpenMeT qociikeH s — IOCTIIOBUH Ta MapajielbHIi METOAN CHHTE3Y IITYYHHX HEHPOHHUX
Mepex. MeTa poG0oTH — 3MEHIINTH Yac CHHTE3Y Ta MiABUIIUTH TOYHICTh OTPUMAHOI HEHPOHHOT MEepexi.

Metopa. 3anpornoHOBaHO METOJ| CHHTE3y IITYYHHX HEHPOHHHX MEpeX Ha OCHOBI MOAM(IKOBAHOTO I'€HETUYHOTO aIrOPHUTMY,
KU MOXKke OyTH peasi3oBaHO IOCIIIOBHO Ta HapaiensHo BukopuctBytodi MIMD- ta SIMD-cucremu. Beenenus Benankoi i#MoBip-
HOCTi MyTauii J03BoJIsiE 30UTBIIMTH PI3HOMAHITHICTh BCEPEIMHI MOMYJIALil Ta MEePeKOAUTH 3aB4acHiil 30DKHOCTI MeTtony. Bubip
HOBOIT Kpaioi 0cOOMHH, Ha BiIMiHYy BiJl TOBHOTO MEPE3alyCKy METOIY, 3HAYHO €KOHOMHTBH PECYpCH CHCTEMH Ta TapaHTye BUXIH i3
00J1aCcTi TOKaTbHUX EKCTpEeMyMiB. BHKOpHCTaHHS HOBHX KPHUTEPiiB /IS aIalTUBHOTO BUOOPY MyTallii, mo-mepiue, He 00Mexye Kilb-
KICTh NIPUXOBAHHUX HEHPOHIB, a, IIO-APYyTe, EePEIIKoKae 6e3MIpHOMY 301IBIICHHIO Mepexi. BukopuctanHs piBHOMIPHOTO CXpeIy-
BaHHS iICTOTHO HiJBHIIy€E eeKTHBHICTB, a TAKOXK Oe3 MmpoOJieM J03BOJISIE eMYJIIOBAaTH iHINI ONEepaTopu cxXpelryBaHHs. bixpmr Toro,
caMe BUKOPUCTaHHS PIBHOMIPHOTO CXpPEIIyBaHHs ITiIBUIIYE THYYKICTh F€HETUYHOTo anroputMy. [lapanenpHuid miaxig 3HA4YHO CKO-
poUye KiIbKIiCTb iTepalliif Ta iCTOTHO IPHCKOPIOE BUKOHAHHS CHHTE3Y LITYYHUX HEHPOHHUX MEPEK.

PesyabTaTi. Po3pobiieno nporpaMHue 3a0e3mnedeHHs, sike peaizye 3ampolOHOBAaHUI METO CHHTE3y IITYYHHX HEHPOHHHX Me-
PEeX i 103BOJIAE BUKOHYBAaTH CUHTE3 MEPEX IOCIIIIOBHO Ta MapajlesibHO Ha spax LEHTPAIBHOTO Ipolecopy abo rpadidHoro mporie-
copy.

BucnoBku. IIpoBezieHI €KCIIEPUMEHTH IMiATBEPANIN TIPALE3AATHICT 3aIPOIIOHOBAHOIO METOAY CHHTE3Yy IITYYHHX HEHPOHHHX
MepeK 1 T03BOJSIOTH PEKOMEHTyBaTH HOTO JUIsi BUKOPUCTAHHS HA MPAKTHULI IpH 00poOIli MacHBIB JaHHUX IUIS TTOJAJIBIIOTO JiarHOC-
TyBaHHsI, IPOTHO3YBaHHs a00 po3Mi3HaBaHHS 00pas3iB. [IepcrieKTHBY MONANBIINX JOCHIIKEHb MOXKYTh IIOJISITaTH Y BBEACHI MOKIIU-
BOCTI BUKOPUCTaHHs TeHeTHYHOI iH(popMalii JeKiIpKkoX 0aThKiB 111 GpopMyBaHHS HOBOI OCOOMHM Ta MOAMG(IKYBaHHI METOMIB CHUH-
Te3y JI1 MEPeX PEeKYPEHTHHX apXiTeKTyp AJIsi 0OpOOKH BEIHMKUX JJAHUX.

KJIIOYOBI CJIOBA: Bubipka, CHHTE3, IITyYHA HEHPOHHA MeperKa, TeHeTUYHUH aJIrOpPUTM, HEHPOEBOJIIOLIs, My Tallis.

YK 004.89
MOINPUKALIUA U MAPAJIIEJTU3AIUA TEHETHYECKOT O AJITOPUTMA VIS CHHTE3A
HNCKYCCTBEHHBIX HEMPOHHBIX CETEHN

Jleomenko C. JI. — acimpanT Kadeapsl MporpaMMHBIX cpencTB HanmoHansHoTo yHUBEpcHuTeTa «3amopokckas [lonnTexHukay,
3anopoxbe YKpauHa.

OueitHuk A. A. — KaHJ. TEXH. HayK, JIOLIEHT, JOLIEHT Kadeapbl NporpaMMHBIX cpenctB HanmoHanabsHOTO yHUBEpCUTETa «3ario-
poxckas [Tonurexuuka», 3anopoxbe YKpanHa.

Cy66orun C. A. — 1-p TexH. HayK, podeccop, 3aBeaAyrounii kadeapoii mporpaMMHbIX cpeacTB HaloHaIBHOTO yHUBEPCUTETA
«3anopoxckas [loaurexaukay, 3amopoxne YKpanHa.

JlutBun B. M. — aciupaHT Kadenpsl IporpaMMHBEIX cpeacTB HammonanpHOro yHHBepcuTeTa «3amoposkckast [lonnTexHukay,
3anopoxbe YKpauHa.

Mlxapynuno B. B. — kanp. TexH. HayK, IOLEHT, JOIEHT, Kadeapa KOMIIBIOTEPHBIX CHCTeM U ceTel, HanmonanbHeI yHUBEpCH-
TET OMOPECYPCOB M IIPUPOIOTIONE30BaHHs Y KPaUHBI

AHHOTANUS
AKTyaJIbHOCTB. PelieHa 3aja4ya aBTOMAaTU3aluy CUHTE3a HCKYCCTBEHHBIX HEMPOHHBIX CETEH Uil JaJIbHEHIIIEro MCI0JIb30BaHUs
IIPU ANArHOCTHPOBAHUH, IIPOTHO3HPOBAHUN U PACIIO3HABAHUH 00pa30B. OOBEKT NCCIENOBAHMS — MPOIECC CHHTE3a NCKYCCTBEHHBIX
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HEHPOHHBIX CeTel C MOMOIbI0 TeHETUYECKOro ajlropurMa. Ilpenamer uccaeqoBaHys — MOCIEIOBBIA U IapauIeIbHbIA METObI CUHTE-
3a UCKYCCTBEHHBIX HEHPOHHBIX ceTel. Llenab paboThl — yMEHBIIUTL BpeMsl CHHTE3a U MOBBICHTh TOYHOCTB ITOJIY4YEHHON HEWPOHHOI
ceTu.

Merton. IIpeanoxes MeTOa CHHTE3a UCKYCCTBEHHBIX HEHPOHHBIX CETell Ha OCHOBE MOANU(HIMPOBAHHOIO '€HETHYECKOrO ajro-
pUTMa, KOTOPBI MOXXET OBITh pealn30BaH IOCIEIOBATENbHO M MapamienabHo ucrnoiabdyd MIMD- u SIMD-cuctemsl. Beenenue
0010l BEPOATHOCTH MYTAllMM IO3BOJISET YBEIUYUTh Pa3sHOOOpaszue BHYTPH MOMYJSIIHUU WM NPEeAyNpPEeIuTh NMPEXIEBPEMEHHYIO
CXOJIMMOCTh MeToa. Beibop HOBO# mydrieit ocoOH, B OTIMYHE OT MOIHOTO MEpPe3alycka aNropuTMa, 3HaIUTEIbHO SKOHOMUT Pecyp-
CBI CHCTEMBI M TapaHTUPYET BBIXOA U3 00JACTH JOKAJIBHBIX SKCTPEMyMOB. VICIIoIbp30BaHIe HOBBIX KPUTEPHEB JUIS QIAIITUBHOTO BBI-
Oopa MyTaIuH, BO-IIEPBHIX, HE OIPAHUYMBACT KOJIMYECTBO CKPBHITHIX HEHPOHOB, a, BO-BTOPHIX, IPEIATCTBYET OE€3MEPHOM yBEIHYe-
HHIO cetH. McIonp30BaHNe paBHOMEPHOI'O CKPEIIUBAHHS CYIIIECTBEHHO NOBBIIAET 3G (PEeKTUBHOCTD, a TaKXkKe 0e3 IpodiIeM 03BOIIs-
€T SMyJIMpOBaTh JPyrUe OIepaTopbl CKpelluBaHUA. bojee TOro, UMEHHO HCIOJIB30BaHUE PAaBHOMEPHOIO CKpEIUBAHUS IOBBIIIAET
rHOKOCTh TeHeTHUeCcKoro anroputMa. IlapannenbHblil MOAX0MA 3HAYNTENBHO COKpANaeT KOJMYECTBO UTEPAIMil U CYIIECTBEHHO yC-
KOpsIET CUHTE3 UCKYCCTBEHHBIX HEMPOHHBIX CETEH.

PesyabTathl. Pazpabotano mporpamMmmHOe oOeclieueHHe, pealn3ylomee MpeaaoKeHHbII METO CHHTE3a MCKYCCTBEHHBIX HEii-
POHHBIX CETEH M MO3BOJSET BBHINONHATH CHHTE3 CeTeil MOCIe[0BaTebHO U MapauIebHO Ha SAPaxX IMEHTPATBHOTO MPOIEccopa HiIH
rpaduaeckoro nporeccopa.

BriBoasl. [IpoBeneHHbIE SKCIIEPHMEHTH! MOATBEPAMIN pabOTOCIOCOOHOCTD NMPEATIOKECHHOTO METO/Ia CHHTE3a MCKYCCTBEHHBIX
HEWPOHHBIX CETeH U IMO3BOJISIIOT PEKOMEHJIOBATh €ro JUIsl HCIIOJIB30BaHMUs Ha IPAKTUKE IPU 00pabOTKe MacCHBOB JaHHBIX JUIS Jajlb-
HEWIIero AUarHOCTHPOBAHUS, IPOTHO3MPOBAHUS WM Paclio3HaBaHHs 00pa3oB. [lepcrieKTHBBI NadbHEHIINX HCCIEJOBAHUA MOTYT
COCTOSITh B BBEICHUM BO3MOXHOCTH HCIOJIb30BAHUS F€HETHYECKOH NH(OPMALIMU HECKOJIBKUX pOAUTEIIeH Ul (JOPMUPOBAHUS HOBOI
0co0u 1 MoAN(UKAIIMK METOJIOB CHHTE3a ISl pEKYPPEHTHBIX apXUTEKTYp ceTeil 11 00paboTKu OONMBIINX JaHHBIX.

KJIFOUYEBBIE CJIOBA: BriOOpKa, CHHTE3, HCKYCCTBCHHAS! HEUPOHHAS CETh, TEHETUYECKUH aJrOpUTM, HEHPOIBOIIOIHS, MyTa-
U
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HEWPO-HEUITKA MOJEJIb BATATOKPUTEPIAJIBHOT'O
OIIHIOBAHHA

Mausip M. M. — 11-p TexH. HayK, JIOLEHT, ipodecop kadeapu KiGEpHETUKH 1 MIPUKIATHOT MATEMATUKU Y KIOPOJCh-
KOTO HAI[IOHAJILHOTO YHIBEPCHUTETY, YIKIropo, YKpaiHa.

Moaimyk A. B. — acnipanT xadenpu KiIOSpHETHKY 1 MPUKIAIHOT MATEMATUKUA Y KTOPOJCHKOr0 HAI[IOHAILHOTO YHi-
BEPCUTETY, YKIopoJ, YKpaiHa.

Moaimyk B. B. — kaH/. TeXH. HayK, TONCHT, JOICHT Kadeapu MpOorpaMHOro 3a0E3MEUCHHS CUCTEM Y KTOPOACEKOTO
HAI[IOHAIEHOTO YHIBEPCHUTETY, Y Kropol, YKpaiHa.

Mlapkagi M. M. — xaHa. €KOH. HaYK, JOLIEHT, JOLEHT Kadenpu KiOepHETHKH i MPUKIAAHOI MATEMAaTUKA Y KTOPOI-
CHKOTO HaIlIOHAIBHOTO YHIBEPCUTETY, YKropoa, YKpaiHa.

AHOTANIA

AKTyanbHicTh. [IpoBeIeHO HOCITIPKEHHS aKTyallbHOI 3a1adi PO3pOOIeHHS MOAENeH i MeTOAiB 6araToKpUTEpiaIbHOTO OLiHIO-
BaHHS 13 3aCTOCYBaHHIM HEHPO-HEUiTKUX TEXHOJIOTIH.

Mertoo 1aHOi po0OOTH € pO3poOICHHS MOl OTPUMAHHS arperoBaHol OLIHKHM LiHHOCTI 00’€KTa TOCIiIKEHH s, sIKa 3 OHOro 00-
Ky BHKOPHCTOBYE Di3HI XapaKTepHUCTHKH 00 €KTY, IO OLIHIOIOThCS 3a KUIBKICHUMHU MOKa3HHKaMH, i Ha OCHOBI Pi3HMX MoJeiei
MIPEICTaBICHHS 3HaHb PO 00’€KT, a 3 IHIIOr0 BUKOPHCTOBYE JOCBi, 3HAHHSA Ta KOMIETEHIIIi eKCIIEPTiB Yy BiANOBIAHINA MpeaMeTHiH
obmacTi.

OO6’€KTOM JOCIIPKCHHS € IPOLEC MOAENIOBAHHS JIOCBiy, 3HaHb TA KOMIICTEHII] €KCIePTIiB Ul OTPUMAaHHs KiTBKICHOI OIIHKH
00’€KTy JOCII/DKEHHS HAa OCHOBI HEHPO-HEUITKHX MEPEeX.

IIpenmeroM TOCTIIKECHHS € HEHPO-HEUITKI MOJIENI OTPUMAHHS KiIbKICHOT OLIHKU 00’ €KTa JOCIIIKCHHS IS IPUIHATTS PillICHb B
YMOBaX €KCIEPTHHUX JaHUX.

Mertopn. Brepie po3po6iieHo I’ THIIAPOBY HEHPO-HEUITKY MOJAENb Ul BUBEICHHS KiJbKICHOI Ta JIHIBICTUYHOI OLIHKH II0J0
piBHS IIHHOCTI 00’€KTa TOCIIKEHHSI BAKOPUCTOBYIOUH JOCBI/, 3HAHHS Ta KOMIETEHIIT €KCIePTIB Y BIANOBIAHIM npenMeTHii 06ia-
cTi. Briepiire 3anpornoHoBaHO BUKOPHCTOBYBATH Y HEMPO-HEWITKIH Mepeki KUIbKICHI OIIHKHA Mpo 00’€KT AOCTiIKEHHS (arperoBaHi
OIIIHKA OTPUMaHi 3a JOTIOMOTOI0 0araTOKpUTepiaJbHAX MOJEJel) Ta JIHTBICTUYHI MipKyBaHHs eKCIepTiB. Brepme anpoboBaHo Ta
Bepu(iKOBaHO po3pobIIeHy MOJEINb IS MPUKIALy OIIHIOBAaHHS PU3HKY (hiHAHCYBaHHS CTAapTall IPOEKTY Ha eTalli pO3MHUPEeHHS 0i3-
HECY, & TAKOXK 3alPOIIOHOBAHO B SIKOCTI HaBYaHHS HEHPO-HEYiTKOI Mepexki «iHTepBalbHE IPEACTABICHHS» CHHANTHYHUX Bar. [Topi-
BHSIHO PE3YJIBTATH JOCIIKCHHS Ha PI3HHX MiJX0/JaX BU3HAUCHHS CHHANTHYHUX Bar Ta PEalbHUMH JAQHUMH 3 BU3HAYCHHSM MOXHO-
KH.

PesyabraTn. OTpuMaHiM pe3yNnbTaTOM JOCIIDKEHHS € Helpo-HediTKa MOJENb OLIHIOBaHHs 00’€KTa 3a OaraTbMa KpHUTEpisIMU.
Po3pobieHa Moaesb Ja€ MOXKIUBICTh IMOEAHATH KUIBKICHI XapaKTePUCTUKH 00’€KTa 3 €KCHePTHUMH TYyMKAMH Yy BULIISAL SKICHUX
OIIHOK. PaIlioHabHICTh OIHKK TOBOAUTH MIEPEBaru po3poOICHUX MOJEIICH.

BucHoBku. CymicHe BUKOPUCTaHHS amapary Teopii HEUITKUX MHOKHH 1 HEMPO-MEpexX SBISETHCS 3pYYHAM 3aCO00M MOJIEINIO-
BaHHS y 3a7a4ax OaraToKkpuTepiasbHOro BuOopy. Sk npaBuiio, BaxIuBa iH(GOpMAaIis U CUCTEM MIATPUMKH YIPaBIiHCHKUX PIilICHb
TIOCTYTIAE 13 IBOX JDKepel: 1) OTpUMaHHs OLIHOK 00’€KTa 32 IEBHUMH KUJIbKICHIMH ITOKa3HUKAMH, IO ITIOPOIKY€E HETOUHICTB; 2) BiX
JIIOJIeH-eKCIePTiB, SIKi ONUCYIOTh CBOi 3HAHHS NPO HpPEIMETHY 00JIacTh, IO IOPOKYE CyO’€KTHBHICTH i HEBH3HAUCHICTh. ToMmy,
30epexeHHsT eKCIIEPTHHX OLIHOK i HeTOUHHX JaHHX NOTpeOye yMIHHS 3 HUMH IpalioBaTH. Y poOOTi po3B’s3aHO HAYKOBO-IIPHKJIIaIHE
3aBaHHsl PO3POOJICHHS MOJZENI Ul OTPUMAHHS arperoBaHol OL[IHKM I[IHHOCTI 00’€KkTa, sika 6a3yeThCs Ha HEWPO-HEUITKIH Mepexi i
Moxe OyTH 3aCTOCOBaHa IPY BUPIIICHHI 3aBJaHb IPUAHATTS yIPABIiHCHKUX PIllICHb Y COL[I0-eKOHOMIYHHX CHCTEMaXx.

KJUIFOUOBI CJIOBA: Heiipo-HediTka Mepexa, HeUiTKi 3HaHHs, 00’€KT AOCIIKeHHs, OLiHKa PU3HUKY, (YHKIIS HaJIeKHOCTI,
eKCTIepPTHA OIiHKA, IPHUHATTS PillIeHb.

HOMEHKJIATYPA K| — TOKa3HMK PU3UKY IOTOYHOI JIAIBHOCTI (ipmu
A — OIIIHKA 3a MMOKa3HUKOM 00’€KTa IOCHIIIHKEHHS ce-
penHs;
a; — 3Ha4eHHS PO30OUTTS IPOMDKKIB;

CTapTar IpoeKTy;
K, — TOKa3HMK PH3UKY MOTHBAI[IMHOI IisIIBHOCTI

crapTam KOMaH/Iu,

. , .
AA — omiHKa 3a IOKAa3HUKOM O00’€KTa IOCIIIKEHHS K3~ TOKa3HHK PU3NKY [I0YATKOBHX iHBECTHILIIL;

BHIIE CEPEIHBOTO;

BA — omliHKa 3a TOKA3HUKOM 00 €KTa MOCITiKCHHS K 4 — nokasHUK pu3HKy ()iHAHCOBOT JiATBHOCTI;

HIKYE CePEeIHBOTO; Ks— noka3sHUK pU3MKY IHHOBAIIMHOI IisTIBHOCTI Y
/1 — CyMH BHXiJHUX CHTHAJIB JPYTroOro mapy; CTapTar IPOeKTi;
f> — CyMH BUXiJIHUX CHTHAJIiB TPETHOTO MIAPY; L — Hu3pKa OIlIHKAa 3a IOKa3HUKOM 00’€KTa J0CIi-
JOKEHHS,

£ — HOMEp BXiJTHOTO 3HAYCHHS, L .
M — KUJIBKICTh ITOKa3HMKIB;

OS — TepM-MHOKHHA BUX1THOT OLIHKH;

H - OLIiHKa 3a [IOKa3HUKOM 00’ €KTa Z[OCJ'IiZ[)KeHHH BU- o8| — HU3BKUUN piBeHb 06’€KTy Z[OCJ'IiH)KeHHﬂ;
COKa;

K, — XpuTepii ouiHIOBaHHS;

Gg — Ha3Ba BEKTOPY BXIAHUX JaHUX;
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0S8y — piBeHb 00’ €KTY JIOCHIPKCHHS HIU)KYE CEPEAHBO-

ro;

083 — cepelHil piBeHb 00’ €KTY TOCIIHKEHHS;

0S4 — BUCOKHH PiBEHb 00 €KTY JOCIIIKECHHS,;

0S5 — JTy’e BUCOKHH PiBEHb 00’ €KTY TOCITIHKEHHS;

S — 00’€KT TOCITIHKEHHS,

T — TepM-MHOXXUHa;

T, g~ 3MiHHA 3 TEPM-MHOXHHHU JUIsl g-T0 TTOKA3HHUKA;

TSK — wHeiipo-HeuiTka Mepeka tuny Takagi-Sugeno-
Kang;

W — CHHAIITUYHI Bary,

Xg — 3HAYCHHs 3MiHHOI npu omepauii Qasudikarii
JAHUX;

Y — BuXiJHa arperoBaHa OIliHKa;

Y - OIIiHKA peaJbHUX JaHUX;

0L — CKCIIEPUMEHTAITLHO a/IanTOBaHa (DYHKIIISI IS BH-
BEIECHHS CHHAIITUYHHUX Bar;

£ — MoxubKa OOYHCIIEHHS,

u() —Mozeni QyHKIIiH HaIeKHOCTI;

u(K,)— arperosana OIIiHKA IS g-TO TTOKa3HUKA;

L,y — arperoBaHi piBHI HaJIEXKHOCTI Ha 2 mmapi;

ug — 3HaueHHS TPUKYTHOI (PYHKIIT HAIEKHOCTI cepe-
JHBOI OLIHKH MTOKA3HUKY;

ug!

HKH ITOKa3HUKY BHUIIE CEPEAHBOIO;

— 3Ha4YEHHs TPUKYTHOI QyHKUIi HAaJEXKHOCTI OLIi-

},LgA — 3Ha4YeHHs! TPUKYTHOI PyHKIUIi HAaJEKHOCTI OIli-
HKH OKa3HUKY HU)KYE CEPEIHBOTO;

pg — 3HAYEHHS TPUKYTHOI (QYHKIII HaJIEKHOCTI BH-
COKO] OLIIHKH ITOKa3HUKY;

ué — 3HaYCHHS TPUKYTHOI (YHKIIi HAJCKHOCTI HU3b-

KOT OLIIHKHU TIOKa3HHUKY.

BCTYII

3actocyBaHHs iH(QOpMaLifHUX TEXHOJIOTIH y Pi3HUX
rajy3sX CyCHUIBHOTO JKUTTS OB’ sI3aHE 13 BUKOPUCTAHHIM
YITKUX 1 HEUiTKuX 0a3 3HaHb, 30KpeMa 1 Uil MOOYAOBH
eKCIIePTHUX Ta IHTEJEKTYalbHUX CHCTEeM. EdeKTHBHUM
3ac000M MOJICNIOBAaHHS y 0araThoX 3amadax KiOepHETHKH
Ta IITYYHOTO IHTEJIEKTY, IO MAIOTh CIIPaBY 3 HEUiTKOCTSI-
MH € 0a3u HEUITKUX 3HaHb, SAKi IPEICTABISIIOTH COOOIO
CYKYIHICTh (DaKTiB, JTIHIBICTUYHHX 3MIHHHUX Ta BiJIOBif-
HUX (YHKIOIA HAJNEKHOCTI, MO0 € MiHHUM JDKEPeIoM st
OIUCY HEYITKUX IMOHATh, BUJOOYBaHHS JaHHX Ta MPUIH-
ATTS PI3HOPIJHUX PIllIEHb Y PI3HUX Tay3sX HayKH, Oi3He-
cy Ta BHpOOHHIITBA. Ha ChOroAHINmIHIM JeHP MNONIMPEHI
CUCTEMH MIATPUMKHU NPUHHATTS pillleHb, SKi BUKOPUCTO-
BYIOTh 3HAaHHs, OTpUMaHi BiJ ekcnepTiB. [Ipobnema Oara-
TOKPHUTEPIaIbHOTO OLIHIOBaHHSA 00’ €KTIB JIGKHUTH Y ILIO-
IIVMHI 33]1a9 BHOOPY, SKi € HEBiI'EMHOIO CKJIAZOBOIO 33124
CHCTEM IMiATPUMKH IPUAHSATTS PillICHb.
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AKTyanpHICTh pOoOOTH TIOJNISTAaE y po3poOieHHi Ta J10-
CIiDKEHHI MoJiernell 1 MeTo/IiB OTpuMaHHS OaraToKpUTepi-
AIBHOTO OIIIHIOBAHHS 13 3aCTOCYBAaHHSIM HEMPO-HEUITKUX
TEXHOJIOTIH, 10 Ha ChOTOJHI € HEPO3KPUTHM JIOCTATHIM
YHHOM.

006’€KTOM J0CTiIZKEeHHSI € TIPOIIeC MOJETIOBAHHS JI0-
CBijly, 3HaHb Ta KOMIIETEHII{ €KCIepTiB ISl OTPHUMaHHS
KUTBKICHOI OI[IHKK 00’€KTy JOCII/PKCHHS Ha OCHOBI HEH-
PO-HCUITKUX MEPEK.

I[penmeToM noCTiTKEeHHSI € HEHPO-HEUITKI MOJEIi
OTPUMAaHHS KiJTBKICHOT OLIHKA 00’€KTY JOCIHIIKSHHS IS
MPUAHSTTS PIllICHb B YMOBAX €KCIEPTHUX JAHHX.

MeTtow po6oTH € po3poOIIEHHS MOJAETi OTPUMaHHS
arperoBaHol OLIHKHU IIIHHOCTI 00’ €KTa TOCIIIKCHHS, KA 3
onHOTO OOKYy BHKOPHCTOBYE pi3HI XapaKTePUCTHKH
00’€KTa, 1110 OIIHIOIOTHECI 3a KIJbKICHUMHU IMOKa3HUKAMH 1
Ha OCHOBI DI3HHX MOJEJNeH NpeAcTaBIeHHS 3HaHb PO
00’€KT, a 3 IHIIOTO BUKOPUCTOBYE JJOCBiJI, 3HAHHS Ta KOM-
HeTeHIii eKCIIePTIiB Y BiIIOBIIHII MpeAMeTHIN 00acTi.

1 IOCTAHOBKA 3AJIAUI

JInst MOCATHEHHS METH HayKOBOTO JIOCHIPKEHHSI He-
00XiTHO BUPIIIUTH TaKi 3aBAAHHS:

— BIIEpIIE PO3POOUTH II'ATHIIAPOBY HEUPO-HEUITKY
MOJENDb IS BUBEAEHHS KUJIBKICHOI Ta JIIHTBICTAYHOI OLli-
HKH IIOJI0 PiBHSA 00’ €KTa JOCHTIHKEHHS;

— BIIEpIIIe 3aIIPONIOHYBATH BUKOPUCTOBYBATH Y HEHPO-
HEJITKIH MepeXi KUIBKICHI OIIHKH TpO 00’€KT IOCTIi-
JUKEHHsI (arperoBaHi OI[IHKM OTPUMaHI 3a JIOIOMOTOI0
0araToKpUTEpiaIbHUX MOJEINSX) Ta JIHTBICTHYHI MIpPKY-
BaHHSI €KCIIEPTIB,;

— anpoOyBaTH Ta BepH(iKyBaTH 3alPOIIOHOBAHY MO-
JIenb JUIsl TIPUKJIay OLHIOBAaHHS PHU3UKY (iHAHCYBaHHS
CTapTal MPOEKTY Ha eTari po3IIMPEeHHs Oi3HeCy, a TaKoX
3aIPOIIOHYBaTH B SIKOCTI HaBYaHHS HEHPO-HEWIiTKOI Me-
pexXi «IHTepBaJbHE MPEICTABICHHS» CHHANTHYHUX Bar.

[MocraHOBKY 3amadi OIIHIOBAaHHS C(POPMYIIOEMO Ha-
cTymHIM YuHOM. Hexail Ha Bxoai MaeMo meskuii 00’eKT
IOCHIIKEHHS S, KM OLIHIOETLCA 3a Oararbma IIOKas3-
HukamMu K = (Kq,K>,...,K,,). KoXeH nokasHHMK € arpe-
TOBAaHOK KUTbKICHOKO OIIIHKOK, OTPHMAHHS SIKOi MOKITH-
BO, HAIIPHUKJIIAJI, 32 TOTIOMOTOI0 MoJIeNlell (DyHKIIN HaJIexK-
mocti, u(K) = (u(K ) i(Ky ) i(K,,)) 3 inTepany
[0;1]. ITpugomy, mOKa3HUKH K MOXYTh IPEACTABISATH
co00r0 HiTy cucTeMy KpHUTEpiiB Ta Mojeneif, Ha OCHOBI
SKUX BHBOJHTHCS OJIHA arperoBana omiHka p(K) .

KpiM KiTBKICHUX OIIHOK, Ui 00’€KTY IOCIIIKCHHS,
BUKOPHCTAEMO MIpPKyBaHHS EKCIEPTiB, IO aHAJI3yIOTh
00’ext. g 1mporo, Ha OCHOBI JOCBiAy Ta 3HAHb IIPO
00’eKT mociiUkeHHS S Tpyna eKcHepTiB (4M eKcHepT)
AHANI3YIOTh HOro, poOJsATh BHCHOBKH Ta CTaBIISTH OJIHY
JHTBICTHYHY OIIHKY KOKHOMY TOKa3HHUKY K , 3 MHOXH-
wn T={L; BA; 4; A4; H}.

TakuM 4MHOM, JJIs1 OLIHIOBAHHS 00’ €KTY IOCIIIKCH-
MaemMo HactymHi BximHi maHi:  G(T;;(KY)),

Gy (T; (K?)), ..., Gp(T,;1(K,,)) . Ha ocHOBI mpencra-
BICHUX BXIJHUX JaHUX, JUIA 00 €KTy MOCIIIDKEHHS S,

HS,
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HEOOXiTHO BHWBECTH BHXIIHYy arperoBaHy OIIHKY
Y €[0;1] . Ananizyroun 3Ha4Y€HHS OI[HKU Y , IPUHMA€ETh-

Cs1 OCTaTOYHE PIIIEHHS MO0 00’ €KTa JOCIIIKSHHS.

2 OIJiAd JITEPATYPU

AHani3ylo4un HayKoBi JpKeperna, 6auuMo, 10 iCHYe He-
OOXIZHICTh cHcTeMaTH3alii 3aco0iB i po3pOOKH aJrOpUT-
MIB HEHpO-HEWITKMX Mojenel OaraToKkpuTepiaabHOro
owuiHIoBaHHS. Helipo-HewiTki MepexXi IIMPOKO 3acToCo-
BYIOTBCA B PI3HHX cepax Ta MPUKIAAHUX 3amavax [1-4].
IcHye GaraTo HayKOBO-TIPUKJIAJHHX 33/1a4 3aCTOCYBaHHS,
HaTpUKIan, y poOoTi [5] HaBexeHa 3ajava MiABHICHHS
MIBUAKOCTI MOOYZOBU HEHPO-HEUITKUX MOJIeNel 1Mo mpe-
neneHrax; y [6] BupilieHo 3ajauy IUIaHyBaHHS pecypciB
napajenbHUX KOMII' IOTePHUX CUCTEM IPH CHUHTE31 HelHpo-
HEUiTKHX Mepex; y [7] 3ampomonoBano on-line Helipo-
(as33i cucteMy Ui BUPINICHHS 3a/1a4 TOCIIiJJOBHOTO HEYi-
TKOTO KJIACTEPyBaHHS JAaHHX, IO JIO3BOJISIE ONPAlbOBY-
BaTH BEKTOPH CIIOCTEPEKEHb 32 YMOB OOMEKEHOTO YHC-
Ja TaHUX B 00pOOITIOBaHiil BHOIpII.

Hetfipo-HewiTki Mepexi MOEIHYIOTh HEHPOHHI Mepexi
JUTS HaBYaHHS IPOIIECIB 3 EKCIEPTHUMU (CyO’ €EKTHBHUMM )
MIpKyBaHHSAMH i 0OpoOKuM HediTkoi iHopmarii. Y
pobotax [8, 9] Heilpo-HeuiTka crucTeMa BUBYA€E OBEIIHKY
CHCTeMH 3 JaHHMX TPEHYBaHb 1 aBTOMATHYHO TI'CHEpPYE
HEYITKI TpaBujIa Ta HEYiTKI MHOXKUHH JI0 33/IaHOTO PiBHS
TOYHOCTI.

B mepiox oTpuMaHHS Ta 0OpOOKM IHTEIEKTyalTbHUX
3HaHb, IMOCTae 3anadya (opmaiizamii TyMOK eKCIepTiB,
II0JI0 TIEBHOTO 00’€KTY AOCIHiIKeHHS. BincyTHi yHiBep-
CallbHI CHOCOOM TEpEeTBOPEHHS MOCTITHHUX JIFOJCBKUX
eKCIIepPTHHX 3HaHb y 0a3y 3HaHb CUCTEM HEYITKOTO BHUBE-
neHHs. CHCTeMH HEeYiTKOr0 BHBEICHHS MOXKYTh BUKOPHUC-
TOBYBaTH JIIOACHKI €KCIIEPTHI 3HaHHSA Ta BHKOHYBaTH
HEYiTKE BHBEICHHS ISl OTPUMaHHS BUXiAHOI omiHkH [ 10,
11]. Takox icHye morpeda B po3po0iii METO/1iB HaBYaHHS
JUIS OTPUMAHHS BHXIHOI OI[IHKH 3 HEOOXIIHHUM piBHEM

T
% = G (Tip(&y
2
Ly
u
X = Gy(To: (K y) 2
——
2
1y
1
Xpe = G (T (K, )L ] Hom
™. T

tounocTi [12, 13]. Kpim Toro, MexaHi3M HaBYaHHSA HEU-
POHHHX MEpPEX HE MOKJIAJA€ThCS HA JIOJCHKY SKCIIEPTH-
3y, a 4yepe3 OJHOPIAHY CTPYKTYpy HEHPOHHHX MEpex
[13—15] ckiapHO BUTATTH CTPYKTYpOBaHi 3HaHHs. Takari
ta Cyreno [16,17] 3amponoHyBagd HOBHH THIT HEYITKOT
MOJIeJI, sIKa OTpUMaJia IIMPOKE 3acTocyBaHHs. i1 Hell-
po-HeuiTkux Mepex tuny Takagi-Sugeno-Kang mnocmimo-
BHOIO YaCTHHOI KOXHOTO HEUITKOTO TMpaBHiIA € JIiHIHHA
KOMOiHaIisl BXimHOi 3MiHHOI. /Mg mpukmagHuxX 3amad
HeoOximHO OyIyBaTH CBOIO HEHPO-HEUITKY Mepexy i
HABYATH 11 U1 OTPUMAHHS aICKBATHUX BHXIJTHUX OIIHOK.

VY 3B’SI3Ky 3 UM, CHOTOJTHI € aKTyaJbHOIO Ta HEPO3KPH-
TOIO JOCTATHIM YMHOM 3a[a4yei0 JOCTIIKEHHS Ta PO3po0-
JICHHSI MOJIeTIel 1 METOMIB OILIHIOBAaHHS 00 €KTY TOCIIIDKEH-
HSI 13 3aCTOCYBaHHAM HEHPO-HEUITKUX TEXHOJOTIH.

3 MATEPIAJIX I METON

Jist po3B’s3Ky copMyIIbOBaHOI 3ajadi CKOpUCTaE-
MOCh MOJICILTIO Helipo-HeuiTkoi Mepeki TSK [17,18], sxa
IpuBeeHa Ha puc. 1.

Po3risiHeMo KoKeH map HeHpo-HewiTKOI MepeKi.

1-map

VY HelipoHaX TEpIIOro MIApy BHKOHYETHCS OIEparlis
(asudikarii, TOOTO KOXHOMY BXiHOMY 3HAa4YCHHIO

Gy (Ty;1(Ky)),g =1,m craButhest y BiANOBiAHICTD 3HA-
4yeHHs: (yHKIIT HanexHocTi. {1 HbOro BHKOPHCTAEMO
HacTynmHuU miaxin. Hexail TepM-MHOXHHY JITHTBICTUYHUX
3MiHHUX 1 = {L; BA; A; AA; H } MPEACTaBUMO Y
BUTJISII TPUKYTHHUX (DYHKIIH HaJIeKHOCTI, HA YHCIOBOMY
npomixkky [0;1], 3 posourtam: L €[0;a,], BA €[a;;as],
Aelay;ay), AA€las;as], H elayl].

3HaueHHs PO3OUTTS MPOMDKKIB MOXKYTh BH3HAYATUCS

y IIporeci HaBYaHHS HEHpPO-HEYITKOI MepeXi BUKOPUCTO-
BYIOUH peajbHI JaHi pO3B’s3yBaHOI MPHUKIAAHOI 3aaadi.

1-# map 2-fi map
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Jaui BBeeMO 3MiHHY Xg » IO JIACTh MOJKJIUBICTh KO-

pUTYBaTH OIIHKY BIIHOCHO BIIEBHEHOCTi €KCIIEpTa IIOA0
il mpuCcBO€EHHS, a00 HACKIBKY EKCIIePTHA OIliHKa OJm3bKa
JI0 iCTHHU:

Xg = Gg (Tg;“(Kg)) =

a -;,L(Kg), SIKIITO Kg el;
a-u(Ky), sxmo Ky eBA
=qa3-w(Kg), sxmo Ky eA g =1,m. M
as-w(Ky), sxmo Ky eAA
as-u(Kq), sxmo Ky eH.

B nmanomy Bunazaky, aHamiTHuHa (opma 3amucy TpH-
KyTHUX QYHKIIH HajexHocti Oyne maru Burisiz [19, 20]:

0, SIKIIIO Xg < 0,
Xg
—, SIKIIIO O<Xg <a,
L _ aq
Mo =1, x, @)
>, KOO 8 <Xg <8y,
a8
0, SIKIIIO Xg 28y}
0, SIKIIIO Xg <@y,
Xg —q
——, FKIO 3 <Xy <a,,
BA a —a
Mg =1 a, —x, 3)
— 9 skmo a,< Xg <83,
a; —a
3 2
0, SIKIIIO Xg 2 83;
0, SIKIIIO Xg <@y,
Xg —3.2
——, KO a; <Xy <aj,
a;-a g
ng =13 2 )
g a4 — Xg
, KO a3z < Xg <ay,
ay—a3
0, SIKIIO Xg 2843
0, SIKIIIO Xg <23,
Xg —a3
———, AKmo a3 <Xg <ay,
pgh=1247% 5)
g as — Xg
———, KO a4 <Xg <as,
as—ay
0, SIKIIIO Xg 2 as;
0, SIKIIIO Xg <8y,
Xg —ay
, KOO a4 <Xy <as,
as-a g
MH _Jas—y 6)
9 1-Xg
,  AKIO 85 <Xg < 1,
l1-as
0, SIKIIIO Xg 2 1.
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Toni Ha mepmomMy mrapi y npoueci ¢asudikamii oTpu-
MaeMo 2M QYHKIIiH HaJIeKHOCTI:

u'é, SIKIIIO Kg el;
HSA, SIKIIIO Kg e BA;
Mlg = ugA, SIKIIIO Kg e A ™
p.éA, SIKIIIO Kg € AA,
;,LgH ,  SKIIO Kg eH,
ng = n(Kg).

[Ipu ymoBi, mo ulg #0; ué #0, gzl,_m. B mpotu-

JI©KHOMY BHIIQJIKy MOAAJIBLI OOYMCIICHHS HEMOXKJIMBI 3
MaTeMaTU4yHOrO TOIJLILy Ta HE MArOTh 3MICTY IOJO
PO3B’sI3yBaHHS 33/1a4i.

Orxe, y HEHWpoOHaxX IEpIIOro MIapy PO3KPHBAEMO
Cy0’€KTHBHICTh €KCHEPTHHUX IYMOK 1 INEpexoJuMo Bix
HEJITKAX EKCHEPTHHUX JIHTBICTHYHHUX OI[IHOK /10 HOPMO-
BaHUX i IOPiBHIOBAHUX.

2-ii map mpencTaBise COOO0 arperariro piBHIB Haje-
MKHOCTI.

BiH cknamaeTbcs 3 M MyJIbTUILUIIKATHBHUX BY3MIB 1
(bopmMye pasianbHO 0Aa3UCHI aKTUBALINHHI QyHKLIT:

mn 1
= [ug.

g=1

. @®)
H2=HHg~

g=1

3-it map — 1e oAWH i3 CHHaNTHYHUX Bar Wj,W,, sKi

KOPEKTYIOThCS B Tpolieci HaBuaHHA. lle mapamerpuanmii
map, y sSKOMY aJamnTaiii ImiisraroTh IiHIHHI Bard. Y
3arajJbHOMY BUIAIKY ISl TIHOOKOTO HABYAHHS CHHAIITH-
YHi Bard MO>KEMO MIPEJCTaBUTH Y BUTIIAI MHOTOWICHIB:

m
| 1
Wy =Wo + D WgXg,

&)

Sxmo ansg po3B’si3yBaHOi 3amadi HE Ma€ JOCTAaTHBOI
KINBKOCTI JaHUX JUISl HAaBYaHHS, TOJAI MOXHA OOMEXKHUTHUCH

BUIIAJKOM W = W(l), W, = Wg.

B manomy migxofi, TOBOPHUTH TPO aJCKBATHICTh Ha-
BYAHHSA, a OTXKE 1 OTPUMAHHS BUXITHOI OIIIHKH, MOXIIUBO
JHIIE y BUIAIKY, KOJHU 3TiHO MOYAaTKOBUX YMOB Ipyna
eKCIepTiB (eKCIepT) KOMIICTEHTHA 1 Jal0Th BHUCHOBKH
OsM3BKi 10 iCTHHH. B mpoTHIeKHOMY BHIAIKY, CHCTEMA
Oy/Je MoKa3yBaTH pPE3yJIbTAT BiTHOCHO KOMIICTCHTHOCTI
TPYITH EKCIEPTIB.

4-if map yTBOpPEHHWH JBOMa MOJIYJISIMH CYMYyBaHHS 1
00YNCITIOE CyMH BHXIJHHX CHUTHAJIIB JAPYrOTo i TPETHOTO
IapiB:
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m m
1 2
Si=wi +wopp = Wlnug +W2HMg,

=1 =1
m gm g (10)
1 2
fr=m g = [Tug +[Tre
g=1 g=1

5-it wap (BuxinHuii). BinOyBaeTbcs HOpMaizamisi, B
pe3ynbTari K01 POpMy€eThCS BUXITHAN CHTHAT:

11 T2
WlH“g +W2HH'g
g=1

yo i el = (11)
/2 Tl T2
[Tne +TTw
g=1 g=l

Takum unHOM, BiOyBaeThCs nedasudikaliis JaHUX Ta
OTPUMYETHCS OIliHKa 00’€KTa MOCIIIKEHHS 3 BHUKOPHUC-
TaHHSM JIyMOK Pi3HHX ekcrepTiB. OTpuMaHe 3Ha4eHHS M0
¢dopmyni (11) 3icraBUMO 10 OAHOI 3 TEPM-MHOXHH
0S ={0s1,05,,...,085} BKIaJalOul HACTYIHHUH 3MICT:

skmo Y €(0,7; 1] tomi osy; sxkmo Y e (0,5; 0,7] Tomi
08, ; sxmo Y € (0,4; 0,5] roni os3; akmo Y € (0,2; 0,4]
Tozi 08y ; sxmo Y € [0; 0,2] Toxi oss.

4 EKCHEPUMEHTHU
Jaini mpoimocTpyeMo po3pobieHy MoIens Ha TpH-
KJIaJi OI[IHIOBAHHS PH3WKY (hiHAHCYBaHHS CTapTall Ipoe-
KTy Ha erari po3mupeHHs Oi3Hecy. Hexait Mmaemo MHO-
KUHY KpurepiiB ominioBanHa [20, 21]: Ky; K,;
K3;K,; Ks. Ilpoekr OyB oninennii «Heuitkoro mare-

MaTHYHOI0O MOJEIUTI0 (IHAHCOBHX pHU3MKIBY [22] Ta
OTpHMaB KUTBKICHI OLIHKH PU3HUKiB. Y CBOIO 4epry rpyma
eKCIIePTiB OIIHWJIA ITPOEKT Ta BHCIOBHJIA CBOI MipKyBaH-
HS IO 3aIPOTIOHOBAaHUX MOKa3HUKaX, Ta0m. 1.

BukonaeMo HediTKe BUBEIEHHS BUXIJIHOI OIIHKH 3Ti-
JTHO TIOOYIOBaHOI HEMPO-HEUITKOT MEpexi.

Ta6umus 1 — Bxigni gani
Ky | Ky | K

Hassa
KpHTEpIiB
JlinrsicTruHe
MipKyBaHHS
CKCIIEpPTIB
KinpkicHa
OlliHKa PU3UKIB

Ky

BA A A AA | BA

0,63 | 0,77 | 0,55 | 0,7 | 0,63

1-mmap. Bukonaemo omepartito ¢asudikaiiii BUKOPUC-
TOBYIOUM TPHUKYTHI (pyHKIIi HaJIICKHOCTI 3 HACTYITHHM
posoutrram mpomikkie — L e[0;0,2], BAe[0,1;0,4],
A€[0,2;,0,6], AA4e[0,4,0,8], H €[0,6;1].

TPUKYTHUKA CTaBUMO CEpE€AHE 3HAYCHHSA Bi,Z[HOBiZ[HOFO

Bepuuny

npoMiKKy. 3a dopmyioro (1) obunciroemo x,,g=15:
x; =0,126; xp =0,308; x3 =0,22; x4 =0,42;
x5 =0,126. Nami obuuciaroemo 3Ha4eHHS (YHKIII Hale-
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JKHOCTI 3a (opmynamu (2)—(6): ung =0,26; p’24 =0,54;

},L§4 =0,1; pfA =0,1; u?A =0,26. Toxmi Ha mepuiomy
miapi y nporeci dhasudikaritii, 3a popmyioro (7) oTpumMae-
Mo 10 ¢yHKIii HanexxHOCTI, Tab. 2.

Tabmuis 2 — Pe3ynbTyiodi OLIHKY 1O TPyNax NOKa3HUKIB

Hazra
KPHTEPito K Ka Ky | Ka | Ks
My 026 | 0,54 | 0,1 | 01 | 0726
Ha 0,63 | 077|055 07 | 0,63

Ha 2-my miapi arperyroTtscst piBHI HalexXHOCTI 3a ¢o-
pmyioro (8): py =0,000365; py, =0,117661.

Ha 3-my mapi BBoguMo cuHanTh4Hi Baru. byno npo-
BE€/ICHO HaBYaHHS HEHPO-HEUiTKOT MHOKUHU Ha pealbHUX
JaHuX 23 crapran MpOeKTiB, IO Mal, 5K Ty)e HU3bKi
pe3ynbratu Tak i BUcoKi. Crapranu Oynu OLIHEHI iHIIU-
MH HEYITKUMHU MeTonamu [23,24], mo Mand BHUXiIHY ar-
peroBaHy ouiHKy. HaBuanus Oymno mpoBeneHe He rimoo-

ke. Bcranosieno

wy = wg =0,287 .

Ha 4-my 1mrapi 00YHCITIOIOTECS CYMHU BUXITHUX CHTHA-
JiB gpyroro i Tperporo miapiB 3a (10): f; =0,034167;
f> =0,118026.

Ha 5-my mapi BinOyBaeThest Aedazudikariis JaHUX 32
dopmysoro (11) Ta OTpUMYETBbCS OIIHKA JOCIIIKCHHS
0,034167
0,118026

OTKe, Ha OCHOBI OTPUMaHOT OL[IHKH MOYKEMO 3pOOHTH
BUCHOBOK, IIO JIaHUH MPOEKT € JOCTaTHbO PU3UKOBUM 3
HOPMOBaHO o1iHKO0 0,29, a 11e 03Hauae pu3uK y 71%.

HaCTyNHI Barm: wy = w(l) =1,09;

PHU3HKY CTapTall IIPOEKTy: Y = =0,289484.

5 PE3YJIBTATU

Jana Mepexa MICTHTh JBa TapaMETPHYHUX ILAPH
(mepmmit i TpeTii), mapaMeTph SKUX YTOYHIOIOTHCS B
npotieci HaB4yaHHs. [lapameTpu mepiioro mapy — 1e He-
JIHIMHI apaMeTpy, a TPETbOTO BIAMOBIAHO — JiHINHI.
Skimo s npuKIamHOi 3adadul BH3HAYCHI apaMeTpU
Hepuoro Imapy Ta Binoma sanexHicts Y (Gy,Gy,...,G,,) ,
TOJI IIUIAXOM PO3B’SI3KY CHCTEM JIiHIHUX PIBHAHB pO3pa-
XOBYIOTbCS JIHIHHI mapamerpu (CHHAaNTH4YHI Barw)
Wi, Wy

Kpim Toro, SKIo 00°€KT MOCTIMKEHHS — IIe CKIIaJHa
3a7a4a, J€ HEe Ma€ JOCTATHHOI KIIBKOCTI JAaHHUX IS Ha-
BYaHHS, TOJI Bark Wj,W,, MOXEMO BHU3HA4YaTH HACTYII-
HUM YHHOM.

[Mepmmii crocid — 1e eKCHepUMEHTATEHUM [IIIXOM.
Harpuknan, BHKOpHCTaEMO JiHIHHY S-TIOMIOHY (YHKIIiIO
HAJIOXKHOCTI 3MiHHOI f, Ha mpoMmikky [0;2] (Makcumaib-

HE 3HAYCHHs, 10 MOXe TpuiiMatd GyHKIis f5 ). Yuciosi
napameTpy Uil (YHKIIT HaJISKHOCTI MOXYTb 3MiHIOBa-
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TUCH, BPAaxOBYIOUHM KUTBKICTh KPHUTEpiiB (UMM Oinmbmma ix
KUTBKICTh — TUM OiJIbIIie OyIe BiOYBaTHUCH PO3MHUTTS).
Hanpuknan, mpoBeaeHO AOCHIIKEHHS HaBYaHHS CH-
HAIITHYHUX Bar JUIA OLHIOBaHHS PH3MKIB CTapTall IIPOEK-
TIB 10 5 KpUTEPisiX (HABEACHHX Y EKCIIEPUMEHTI), 1 eKc-
MEPUMEHTATBHO aJaNTOBaHO (QYHKIII0 HACTYITHY:

0, f2<0;
oa=4/5/051, 0<f5 <051, w=a, wy,=0a+0,05.
1, f2» >0,51.

[Ile omuH crmoci0 mpeacTaBiIeHHs CHHANTUYHUX Bar —
Ile «iHTepBaJbHE MPEICTABICHHS». 3HAUCHHS IHTEPBAiB
3MIHIOIOTECS HA OCHOBI MPAKTUYHOTO JOCBIAY €KCIepTa.
Hampuknan skuo f, €[0;0,1] Tomi wy =0,1; wy, =0,2;
fel0103] — w=02; w=03;/,<[0305] -
w =03; w, =0,4; f,<[0,50,7] — wy=0,4; wy, =0,5;
f€[0,7,09] — w =05, w,=0,6; fe[09L]] -
w=06; w=07; f,e[l3] - w=07;
wy =08 f5 €[1,3;1,5] - wy =09;
fell,52] —=w=09; wy=1.

w =038;

Jani mopiBHSIEMO pe3yibTaTH 3 PI3HUMH IMiJXOJaMU
BU3HAUCHHS CHHANTHYHUX Bar Ta PEATbHUMH JaHUMHU 3

BU3HAYEHHAM NOXUOKU € = |V Ty ‘ [24], Tabm. 3.

Tabmuus 3 — OUiHKY PU3HKY CTapTal MPOSKTY
% Bin-
XHJICHHA

CuHHanTHYHI Baru Y €

3rigHo HaBYaHHS
Ha peabHUX JTAHUX
(w=1,09; w,=0,287).
ExcnepumenTanpHO afanToBa-
HO ¢ynKmio (a=0,2314;
w;=0,2314; w,=0,2814)
«lHTepBabHE TPEICTABICHHSD)
Bar (f, €[0,1;0,3] ; w,=0,2;
w>=0,3)
OuiHKa BU3HAY€eHa 3TigHO
HEYiTKOT MOJIeJi OLliHFOBaHHSI

0,289484 | 0,0205 | 2,052%

0,281269 | 0,0287 | 2,873%

0,299691 | 0,0103 1,031%

*
Y =031

SIk BuAHO, HaWOiIbIIEe BigxuieHHs MeHie 3%, 110
MMOKa3y€e IOCTAaTHBRO XOPOIIi pe3yNbTaTH po3poOiIeHol
eKCIIePTHOI MOJIEITi OIIHIOBAaHHS 3 HEHpPO-HEUITKOIO Me-
pexero.

5 OBI'OBOPEHHSI

Po3pobiiena  Mojenp  MiABUINYE  TOYHICTH  Ta
00’€KTHBHICTh OIIIHIOBaHHS, OCKUIBKM 3 OJHOTO OOKYy
BUKOPUCTOBY€E KUIBKICHI OINIHKU 00’€KTY IOCIIIKCHHS
(1o 6a3yroThCS Ha CTATMCTHYHUX J@HUX) MO Pi3HUX MO-
JIeTIsIX, @ 3 IHIIOTO BUKOPHCTOBYE JOCBIJI, 3HAHHS Ta KOM-
TIETEHIIi eKCIIePTIiB Y MpeIMETHIH 00JacTi.

3arajpHy KOHIICIIIIO JAaHOTO MiIXOJy MOXKHA 3acTo-
CyBaTH, HANPHUKIAA, y aKTyalbHIH 3aJadi OI[IHIOBaHHS
BIUIMBY TPAHCIIOPTY Ha JOBKULISA y IesKoMy perioni. Ha
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BX1I MOJIeINTi TIOJAOThCSA KUTBKICHI OI[IHKH, OTPUMAaHi 3Ti-
JTHO PI3HUX MOKA3HWKIB 3a0pYIHEHHS TPaHCIIOPTOM Ha-
BKOJIMIITHBOTO CEPENIOBHUINA Ta JIHIBICTUYHI MipKyBaHHS
SKCIIEPTIB-CKOJIOTIB 0[O0 MOKa3HUKIB. HeoOximHo Ha-
BYMTH HEHpO-HEUITKy Mepexy Ha eko-Mmicrax (JKeneBa,
Peiix’siBik, ['enbcinki, ['oHodysy Ta iHIN) 3 BEIHKOIO
KIJIBKICTIO €JIEKTPOTPAHCIIOPTY, CIiBBIAHOLICHHSIM YHCIIA
BJIACHUX aBTOMOOUTIB Ha KUIBKICTh IPOMAJISTH Ta BEJIMYU-
HU perioHy. CHHaNTHUYHI Bard MOXKHA HAaJallITOBYBaTH
3TiTHO PO3MIpIB Ta 3arajbHOI EKOJIOTIYHOI CHTYalii JaHo-
IO PErioHy BPaxOBYIOUH TPAHCIIOPTHI BY3JIH Ta aeporop-
tu. [To oTprMaHiii OIIHIII MOXXEMO HaJaBaTH PEKOMEH/IA-
1ii 100 TOKpaNIeHHs BILIMBY TPAHCIIOPTY Ha HABKOJH-
IITHE CepPeIOBHIIE IIEBHOTO MIiCTa/perioHy/nep:KaBu.

[ToGynoBaHa MoJenb OTPUMAHHS KUIBKICHOT OILIIHKH
00’€eKTy JIOCHIIPKEHHSI Ma€ Psijl TIepeBar, a came: MOeIHye
KUIBKICHI (OCTOBIpHI) OIIHKK Ta JIOCBiJ, 3HAHHS, KOMITE-
TEHLIi eKCHepTiB y NpeaMeTHid obiacti; 0azyeTbcs Ha
HEHPO-HEUITKIA MEPExKi, [0 Ma€ MOKJIMBICTh 3MIHIOBATH
HaJAIITYBaHHS CHHANTHYHHX Bar, MOXXHA MPOBOIUTH
HaBYaHHS MEPEXi Ta KOPUTYBAaTH PiBHI NPHUHHATTS pi-
LICHB; 3TiJHO 3aMPONOHOBAHOTO «IHTEPBAIBHOTO MPE.-
CTaBJICHHS» Bar, MOJENIb MO)KHAa 3aCTOCOBYBATH JUIS
PO3B’s3yBaHHS TUX 3a]a4, I¢ He Ma€ JaHUX UL HABYaHHS
HEHpPO-HETITKOT MEPEKY.

Jlo HemoJiKiB JaHOTro MiIXOAy MOXKHA BIJIHECTH Te,
10 oTpuMaHa (QYHKIS HaJEKHOCTI 3aJEeXKHUTh BiJ pPO3-
OUTTA IPOMIKKY [a);as5], a X 3HAUEHHS BiJ KOMIIETEHLI]

EKCIepTiB. Bi 90ro Takok 3a1e:KUTh 1 HABUAHHS MEPEexKi.

BUCHOBKH

VY poboTi po3B’s3aHO HAYKOBO-TIPUKIATHE 3aBIAHHS
pPO3pOONICHHS MOJENI OTPUMAaHHA KUIBKICHOI — OIIHKA
00’€KTy JOCTIKEHHS, SKa 3 OJHOTO OOKY BHKOPHCTOBYE
KUIBKICHI OLIIHKK 00’€KTy, a 3 IHIIOTO JIOCBiN, 3HAHHS Ta
KOMIIETEHIIIT eKCIIePTIB Y BIAOBIIHIM MPeAMETHIH 001acTi.

HaykoBa HOBHM3HA IPOBENCHOTO JOCIIIKEHHS Ha-
CTYyIHA:

— BHEpIIE PO3pPOOJIEHO II'SITUIIAPOBY HEWPO-HEUITKY
MOJIEJIb I BUBEAECHHS KIJIBKICHOI Ta JIHIBICTHYHOI OLli-
HKY IOJI0 PiBHS MIHHOCTI 00’€KTa TOCIIIKECHHS BUKOPH-
CTOBYIOYH JIOCBiJl, 3HAHHS T4 KOMIIETEHINI €KCIEPTiB y
BiJINIOBITHIH MpeIMETHIH 00IacTi;

— BIIEPILE 3a[POIIOHOBAHO BUKOPUCTOBYBATH Y HEUpO-
HEJITKIH MepeXi KITBKICHI OIIHKH TpO 00’€KT IOCIi-
JUKeHHS (arperoBaHi OWIHKA OTPHUMAaHi 3a JOMOMOTOIO
0araToKpUTEpiaIbHUX MOJIENIei) Ta JIIHTBICTHYHI MIpKYy-
BaHHS €KCIIEPTIB;

— BIIEpIIe anmpoOOBaHO Ta BEPH(IKOBAHO PO3POOICHY
MOJIETIb JUIsl IPUKJIaAy OL[HIOBaHHS PU3WKY (hiHAHCYBaH-
HS CTapTal MPOEKTYy Ha eTami po3IIMpeHHs Oi3Hecy, a
TAKOX 3alpoOlMOHOBAHO B SKOCTI HABYaHHS HEWUpO-
HEUiTKOI Mepexi «iHTepBaJibHEe MPEACTABICHHS CHHAI-
TUUHUX Bar. [IOpIBHSHO pe3yJNbTaTH OCHIDKCHHS Ha
PI3HHX MiIX0/1aX BU3HAYCHHsS CHHANTHYHHX Bar Ta pea-
JHHAMH JIaHUMH 3 BH3HA4YeHHSIM moxubOku. OTpumane
BigxmieHHsT MeHIe 3%, 10 MOKa3ye JTOCTaTHHO XOPOIIi
pe3ysbTaTi po3pobieHoT eKCepTHOT MOJIeNl OI[IHIOBAHHS
3 HEHPO-HEYITKOIO MEPEIKEIO.
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IpakTuyHe 3HAYEHHS OJIEPXKAHUX PE3yJbTATIB I0-
Jsira€ B TOMY, 110 3a[POIIOHOBAHA MOJIENIb MOXKE BHUKOPH-
CTOBYBaTHCh JJIsl OI[IHKH OO’€KTIB y PpI3HUX COLIO-
€KOHOMIYHUX CHCTEMax IPH BHUPILICHHI 3aBIaHb HPUITH-
STTSI YIIPABIIHCHKHX PillICHb.

IMoaanbiue qocaiIKeHHsT TPOOIEMATHKN BOAYAEMO Y
ajamnTarii Ta anpo0anii Moaeni A pi3HUX 00’€KTiB JI0-
CJTiJKEHHS.

MNOASAKU

P00OTYy BHKOHAHO B paMKax JAEPKOIO/DKETHHX HAyKO-
BO-JIOCITITHUX TeM Y XTOPOJACHKOTO HAIliOHAIGHOTO YHi-
BepcuteTy: «Po3pobka MaTeMaTHIHHUX MOJENel i MeTOIiB
Ut 00poOIIeHHS iH(pOpMAITii Ta IHTEIEKTYaIFHOTO aHAIZY
JaHux» Ta «MeTtoau Ta 3acoOd IMPOTrpPaMHOI iHKEHepil
peaizanii MPOIECIB aHATITHKKA BEIMKHX TaHUX Ha 0asi
iH(opMAaIIHHO-TEXHIYHHUX TIAT(OPM EIEKTPOHHOI HAYKUY.
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HEMPO-HEYETKAS MOJIEJIb MHOTOKPUTEPHUAJIBHOI'O OLIEHUBAHUS

Maasp H. H. — JI-p TexH. HayK, OOUEHT, npodeccop Kadeapbl KHOSPHETUKN M MPHUKIATHON MaTeMaTHKH Y KTOPOACKOTO Ha-
LMOHAJILHOTO YHUBEPCUTETA, YKIopoJl, YKpauHa.

Momnmmyxk A. B. — ActimpanT xadenpbl KHOEPHETUKH M NPUKJIAJHON MaTeMAaTHKH Y>KrOpPOACKOTO HAI[MOHAJIBHOTO YHUBEPCHUTE-
Ta, YKropoj, YKpauHa.

Moaumyk B. B. — Kann. TexH. HayK, JOUEHT, AOICHT Kadeapbl MPOrpaMMHOI0 00CCICUCHUS CHCTEM Y KTOPOACKOTO HAIHO-
HaJbHOT'O YHUBEPCUTETA, Y KIopoll, YKpauHa.

Mlapkanu M. H. — Kana. 5koH. HayK, ZOLEHT, AOLEHT Kadeapbl KNOSPHETHKH U MPUKIIAIHON MaTeMaTHKH Y KIOPOJCKOrO Ha-
LIMOHAJILHOT'O YHUBEPCUTETA, Y KIOpo, YKpauHa.

AHHOTAIUA

AxTyanbHOCTh. [IpoBeieHO nccienoBaHne akTyalnbHOH 3amadn pa3paboTKU Mojelel U METOIOB MHOTOKPHTEPHAIEHOTO Olle-
HUBAHUS C IPIMCHEHHEM HeHpPO-HEUETKHUX TEXHOJIOTHH.

Iennto naHHON paboTHI SBJIAETCS Pa3pabOTKa MOAEINH arperupOBaHHOM OLGHKH LIEHHOCTH 00BEKTa UCCIICOBAHUS, B KOTOPOH ¢
OJIHOW CTOPOHBI HCHOJIB3YIOTCS PAa3INYHbIE XapaKTePHUCTHKN 00BEKTa, KOTOPBIE OLCHUBAIOTCS IO KOJIMYECTBEHHBIM ITOKa3aTeNsIM, U
Ha OCHOBAaHMHU Pa3IMYHBIX MOAENEl MpecTaBieHHs 3HaHUI 00 0OBEKTE, a C APYroi HCIOIb3yeT OIBIT, 3HAHUS M KOMIETEHIUU
9KCIEPTOB B COOTBETCTBYIOIEH ITpeAMETHOI 001acTH.

OOBEKTOM HCCIeIOBAaHUS SBISETCS MPOIECC MOACTHPOBAHHS OIBITA, 3HAHUH M KOMIIETEHIIUH SKCIIEPTOB IS TOTyIEHHS KOJIH-
YECTBEHHOW OLIEHKHN 00BEKTa HCCIEAOBAHNS Ha OCHOBE HEHPO-HEUETKHUX CETEH.

IIpexnmerom mccieioBaHUs SBISIETCS HEWPO-HEUETKHE MOEIH ITOTYUISHUS KOIUIECTBEHHOH OIIEHKH 00BbEKTa UCCIIEMOBAHMS IS
MIPUHATHS PEIICHUH B YCIOBHUSAX SKCIEPTHBIX TaHHBIX.

Metoa. BriepBbie pa3paboTaHa ISTH InapoBasi HeMpo-HeYeTKas MOJENb, JJIS BBIBOJA KOJMYECTBEHHOW W JIMHIBHCTHYECKOM
OLICHKH YPOBHS [IEHHOCTH O0OBEKTa MCCIEJOBAHNUS, UCTIOB3YSI OIBIT, 3HAHHS U KOMIIETCHIIUH SKCIIEPTOB B COOTBETCTBYIOIICH Mpe-
METHOH obnacTu. BriepBble MpeanoKeHo UCTIONB30BaTh B HEHPO-HEYETKOM CeTH KOJMYECTBEHHBIE OLICHKH 00 0OBEKTE UCCIeIOBAHUS
(arperupoBaHHbIE OLEHKU MOIYYEHBI C MOMOIIbI0 MHOTOKPHTEPHANBHBIX MOJEISIX) U JINHIBUCTUYECKHE PACCYXKICHHS SKCIIEPTOB.
BriepBrie anpobupoBaHo 1 BepuDUIIMPOBAHO pa3pabOTaHHYIO MOJENb JUIS IpUMEpa OLCHKH pUCKa (PMHAHCHPOBAHMS CTapTam Hpo-
€KTa Ha 3Tale pacIIMpeHHs: Ou3Heca, a Takke MPEUIOKEHO B KauecTBE 00yUeHHUS! HEHPO-HEUETKOH CeTH «MHTEPBAIbHbIC MIPEACTaB-
JICHUS» CHHANTHYECKHX BecoB. I10 cpaBHEHMIO pe3yNbTaThl HCCIECIOBAHMS HAa PA3IMYHBIX MOJXONAX ONPENEeNICHUS CHHANTHIECKHX
BECOB M PEATbHBIMU JaHHBIMH C OIPE/ICIICHUEM ITOTPEIITHOCTH.

Pe3yabTarthl. [loaydeHHBIM pe3ysIbTaTOM MCCIIEIOBAHHMS SIBISETCS HEHPOH-HEUeTKasi MOJIENb OLCHKN 00BEKTa 110 MHOTUM KpH-
TepusM. Pa3paboTaHHass MOIENb AaeT BO3MOXKHOCTH COBMECTHThH KOJIMUECTBEHHBIE XapaKTEPUCTHKH OOBEKTa C SKCIIEPTHBIMU MHe-
HHUSMH B BUJI€ KAUECTBEHHBIX OLIEHOK. PaIlloHaIbHOCTh OLIEHKH JI0Ka3bIBAET MPEUMYIIECTBA pa3pabOTaHHbBIX MOENEil.

BeiBoabl. CoBMECTHOE HCIIONIB30BAHNUE allapaTta TEOPUU HEUYETKHX MHOXKECTB M HEMpO-ceTell ABNIsAeTCS YAOOHBIM CPEICTBOM
MOZENMPOBaHMS B 33la9aX MHOTOKPUTEpUAIbHOrO BeIOOpa. Kak mpaBmito, BaxkHast HHGOPMALUS UIS CHCTEM IOIAEPKKN YIIPaBICH-
YEeCKHUX PEMICHHI MOCTyNaeT U3 JBYX MCTOYHHKOB: 1) MONTydYeHHE OIEHOK 00BEKTa MO ONPEIEIeHHBIM KOJIHMYECTBEHHBIM ITOKa3aTe-
JISIM, TIOPOXKIaeT HETOYHOCTH; 2) OT JIIOAEH-IKCIICPTOB, KOTOPHIE OIMCHIBAIOT CBOM 3HAHMS O NPEIMETHOH 00JIacTH, YTO MOPOXKAAET
CyOBEKTUBHOCTH U HEOIpeelIeHHOCTh. [103TOMy, COXpaHEHUs SKCIIEPTHBIX OI[CHOK M HETOYHBIX JAHHBIX TPeOyeT YMEHUs C HHUMH
paboratb. B paboTe pelieHo HaydyHO-IPUKIAIHYIO 3a[a4y pa3pabOTKH MOJEIM UL HOJyYeHHUs arpernpOBaHHON OLIEHKH OOBEKTa,
OCHOBaHHasi Ha HEHPO-HEYETKOH CeTH U MOXKET ObITh MPUMEHEHA NP PEIICHUH 3a1a4 IPHHATHS YIPaBICHUECKNX PELICHUH B CO-
I[H0-?KOHOMUYECKUX CHCTEMAX.

KJ/IFOYEBBIE CJIOBA: Helipo-HeueTKasl ceTh, HEUETKHUE 3HAHHS, OOBEKT HCCIEAOBAHUSA, OLICHKA PUCKA, (QYHKIMS MPHUHAI-
JIKHOCTH, SKCIIEPTHAS OIIEHKA, IPUHATHE PEIICHHH.
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ABSTRACT

Context. The research of the actual problem of development of models and methods of multicriteria evaluation using neuro-
fuzzy technologies is carried out.

The purpose of this work is to develop a model for obtaining an aggregate evaluation of the significance of the object of study,
which on the one hand uses different characteristics of the object, evaluated by quantitative indicators and on the basis of different
models of representation of knowledge about the object, and on the other uses experience, knowledge and the expertise of experts in
the relevant subject area.

Objective. The object of the study is the process of modeling the experience, knowledge and competence of experts to quantify
the object of study on the basis of neuro-fuzzy networks.

The subject of the study is a neuro-fuzzy model of quantifying an object of study for decision making in expert data.

Method. For the first time, a five-layer neuro-fuzzy model has been developed to derive quantitative and linguistic assessments
of the object of the study using the expertise, expertise and expertise of the subject area. For the first time, it is proposed to use quan-
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titative estimates of the object of study (aggregated estimates using multicriteria models) and linguistic expert reasoning on a neuro-
fuzzy network. For the first time, a model has been tested and verified for an example of assessing the risk of financing a startup
project in the business expansion phase, and is also offered as a training for the neuro-fuzzy synaptic weight interval network. Com-
parison of the results of the study on different approaches to determining synaptic weights and real data with error detection.

Results. The result of the study is a neural-fuzzy model for evaluating an object by many criteria. The developed model allows to
combine quantitative characteristics of an object with expert opinions in the form of qualitative estimates. The rationality of the
evaluation proves the advantages of the developed models.
Conclusions. Sharing the apparatus of fuzzy sets and neural networks theory is a convenient simulation tool for multicriteria se-
lection problems. As a rule, important information for management decision support systems comes from two sources: 1) obtaining
object estimates by certain quantitative indicators, which creates inaccuracy; 2) from expert people who describe their subject matter
knowledge, which creates subjectivity and uncertainty. Therefore, maintaining expert judgment and inaccurate data requires the
ability to work with them. The paper deals with the scientific and applied problem of developing a model for obtaining an aggregate
estimation of an object based on a neural-fuzzy network and can be applied in solving management decision-making problems in
socio-economic systems.
KEYWORDS: neuro-fuzzy network, fuzzy knowledge, research object, risk assessment, membership function, peer review, de-
cision making.
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THE TECHNICAL CONDITION OF MILITARY-CIVILIAN OBJECTS
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ABSTRACT

Context. Quite often, experts are involved in the process of diagnosis and monitoring the technical condition of buildings and
structures, and in this case, situations might arise when expert data is generated under some specific types of uncertainty, and their
possible combinations. This, in turn, necessitates the development of new approaches aimed at solving the problems of structuring
and analytical processing of inaccurate, uncertain, fuzzy expert knowledge.

Objective. The methodology for choosing the category of technical condition of construction objects, including buildings and
structures, and ranking the corresponding construction objects within the given category of the technical condition according to their
degree of danger (expected damage in the event of an emergency) has been proposed in this paper. The proposed approach is based
on the expert assessment methods and the mathematical apparatus of the evidence theory, which allows operating correctly with data
generated under uncertainty, incompleteness, and inaccuracy. In order to improve the quality of combination results, it is proposed to
use one of the proportional conflict redistribution rules and determine the optimal evidence combination order based on metrics in
evidence theory.

Results. The paper proposes a methodology for the synthesis of group solutions for assessing the technical condition of civil,
industrial and military-technical construction objects, and determining objects that primarily need maintenance or overhaul under
complex forms of uncertainty and multi-alternatives. Application of the proposed methodology will allow rational distribution of
available resources when planning preventive measures and carrying out repair work (overhaul, reconstruction, etc.) to increase the

efficiency of their trouble-free operation.

Conclusions. The methodology proposed in this study constitutes the theoretical basis for the design of decision support systems
for monitoring the technical condition of residential and/or non-residential real estate (buildings, structures) for various purposes.
KEYWORDS: evidence theory, technical condition category, ranking, expert judgments, uncertainty.

ABBREVIATIONS
TC — technical condition;
Bpa — basic probability assignment;
DST — Dempster-Shafer theory of evidence.

NOMENCLATURE
Qg-l) is a vector that contains the numerical values of

the degrees of expert’s preferences formed by j-th expert
for /-th category of technical condition;

o is an optimism coefficient;

A is a set of analyzed objects (alternatives);

1

B
the degrees of expert’s preferences formed by j-th expert
for i-th analyzed object;

E is a set of experts;

H is a set of profiles of expert preferences;

K is a set of categories of technical condition of
building constructions;

is a vector that contains the numerical values of

M?) is a vector that contains the values of a basic

probability assignment of corresponding subsets;
O, is a set of analyzed objects that correspond to
(belong to) /-th category of technical condition;

P](l) is a subset of preferences of the j-th expert

regarding the analyzed objects that correspond to (belong
to) /-th category of technical condition;

RAD is a ranking of categories of technical
condition for i-th analyzed object;

RK; is a ranking of analyzed objects that belong for /-
th technical condition category;
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R,.. is a final ranking, with elements corresponding to
collective rankings of the analyzed objects for each
category of TC.

X}’) is a subset of preferences of the j-th expert
regarding the analyzed objects that correspond to (belong
to) i-th analyzed object;

d is a total number of selected subsets (groups of
elements) by j-th expert for i-th analyzed object;

m() is a basic probability assignment of corresponding
subset;

mgy+1() 1s a basic probability assignment of frame of
discernment;

mis() is a combined basic probability assignments of
my() and m;();

w; is a weight coefficient (competency coefficient) of
the j-th expert;

2% is a power-set of all possible subsets of Q,
including the empty set;

|'| is a cardinality of the corresponding subset;

@ 1is a evidence combination rule.

INTRODUCTION

In recent decades, a steady trend of physical and moral
aging of fixed assets, which include buildings and
structures, has been established in Ukraine Buildings are
subject to a variety of influences, they wear out, age,
collapse, causing their performance to deteriorate, and
over time they cease to be fit for purpose.

For example, experts estimate that about 60% of the
country’s housing stock needs major overhaul, and the
overall level of communal infrastructure deterioration
exceeds 60%.
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In this regard, the task of monitoring and evaluation of
the TC of buildings and structures acquires particular
importance to ensure safe operation and operational
reliability of building constructions and structures.
Regular monitoring of the TC of building structures is
aimed at the timely adoption of measures to prevent and
eliminate emerging negative processes in order to
increase the efficiency of accident-free continuous
operation of facilities; to develop forecasts of changes in
the TC of buildings and structures, in order to study the
dynamics of deformation processes.

Nowadays, in Ukraine, a comprehensive methodology
for evaluation and monitoring of the TC of structures,
buildings have not been approved, which would be
unambiguous, formalized, and experimentally confirmed.
Experts (specialists) in the field of structures of buildings
and constructions defects diagnosis note the absence of
clear recommendations for making justified decisions on
the TC of structures and buildings in general, fixed in the
current regulatory documents.

There is a lack of communication between the
regulatory documents; insufficient evaluation criteria
formulated, few and limited signs of classification of the
structures and the buildings to a particular category of TC.
Signs of the categories of TC of building constructions
and structures are not sufficiently developed both
theoretically and practically.

The object of study is the group expert evaluations of
TC categories of building constructions and structures,
that require structuring and aggregation in order to
synthesize collective management decisions (building
demolition, reinforcement, repair, reconstruction, etc.).

The subject of study is the models and methods of
analysis and structuring of group expert evaluations of TC
categories of building constructions and structures, based
on the mathematical apparatus of evidence theory.

The purpose of the work is to develop a
methodology for determining the category of the TC of
building constructions and structures, and selection of
considered construction objects for their renovation,
restoration, overhaul, etc. under group decision-making
process.

1 PROBLEM STATEMENT
Let us consider a set of analyzed objects (alternatives)

A={4 |i:1,_n}, a set of categories of TC of building
constructions K ={K; |/ :I,_S} and a set of experts
E={E;|j=L1}.

It is necessary to determine a TC category for each
given alternative: V4; € A,i= L_n 1(4;,K)), l=1,_s. The
pair (4;, K;) defines the belonging of the object 4; to the
category K;. And make collective expert ranking of A[(l)
for selected TC category K, which allows to choose from
a set A one alternative Al-(l) (or a few equivalent
Al(l) ~ AI(DI) ) that are most in need of overhaul, restoration

© Shved A. V., 2019
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RK; AP = AP = = 4D~ A - 4Dy

2 REVIEW OF THE LITERATURE

A significant number of publications are devoted to
various aspects of assessment of the buildings TC. So, [1—
5] are offered the issues of reliability, physical and moral
deterioration of building structures and constructions, and
a number of methods of determination of TC of building
structures based on results of a building technical
inspection are considered. For example, [1] is studied
various test methods for building diagnosis and condition
assessment. The comparative analysis of building
condition assessment methods widely used in European
countries is carried out in [2]. The authors of the [3]
proposed a method for calculating condition index of
corrosion distressed reinforced concrete buildings based
on mathematical apparatus of fuzzy logic. Obtained index
allows evaluating condition and repair needs of the
buildings and structures.

It can bee allocate a number of works using methods
of expert estimation in a problem of diagnosis of TC of
buildings and structures [6—10]. The authors of [6, 7] have
presented a fuzzy-based assessment model, that allows to
carry out diagnostics of building structures under
uncertainty and ambiguity. In particular, the authors of the
[6] used the proposed technique for evaluating of
importance of structural assessment criteria for reinforced
concrete structures, and at the same time as the authors of
the [7] have calculated corrosion damage of bridge
superstructures. [8] proposes the methodology for bridge
condition evaluation (for maintenance actions and budget
allocation) using the Analytic Hierarchy Process (AHP)
method. The authors of the [9] have proposed the expert
assessment of model that calculates the degree of
deterioration of engineering assets with a long service-life
under uncertainty. The method of expert assessment in the
diagnosis of the TC of buildings under a limited number
of statistical data from instrumental inspection and
inaccuracy of information based on the fuzzy decision-
making methods has been proposed in [10].

At the same time, it is worth mentioning the papers
that are aimed at automating the process of assessment of
the TC of operated buildings constructions. These works
are devoted to the development and use of intelligent
systems for diagnosing the TC of building constructions
and structures [11-14]. These systems wuse the
accumulated experience and knowledge of experts and
current information about the state of the building
structure: [11] proposes condition assessment system for
sustainable constructions that uses five-point colour-
coded condition assessment rating for performance
evaluation criteria, such as risk; a prototype computing
system for safety diagnosis of middle and small-size
buildings have been proposed in [12]; the concept of
expert system of diagnostics of technical condition of
buildings and constructions is given in [13]; [14] suggests
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the concepts of expert information system for building
diagnosis based on integrative use of expert system
technology and remote monitoring technology.

An analysis of numerous publications in the field of
diagnostics of TC showed that the process of assessing
and monitoring the TC of building structures is carried
out by combining agreed and complementary research
calculation and analytical procedures, the list and
completeness of which in each case is specified by the
specialized organization conducting the survey. And an
essential place in this process is occupied by expert
assessment methods. It is imperative to select methods of
analysis and processing of expert data carefully and take
into account various forms of ignorance, such as
incompleteness, fuzziness, and uncertainty.

At the same time, quite often in practice, there are
situations characterized simultaneously by various forms
of ignorance, for example, a combination of uncertainty
and inaccuracy. The mathematical theory of evidence
(Dempster-Shafer Theory) is a useful mathematical tool
for modeling and analyzing some specific types of
uncertainty [15-17].

3 MATERIALS AND METHODS

The TC is defined by a set of properties of a building
(structure) or its elements (constructions), which is
characterized at a certain point of time by the signs
established by the regulatory and technical documentation
for this building (structure) or its elements, and reflecting
the level of operational suitability. The TC of the building
(structure) is a combination of qualitative and quantitative
indicators, which characterize the serviceability of the
building and its parts in comparison with their maximum
permissible values.

Assessment of the TC building constructions and
structures includes determining the category of the TC of
building structures taking into account the degree of
damage and the magnitude of the reduction in bearing
capacity; establishing the operational suitability of
building structures according to basic criteria or the need
for their overhaul (restoration, reconstruction, etc.). The
criteria of TC assessing depend on the functional purpose
and design of buildings and structures, the type of
building structures, the material used, and other factors.

The paper proposes a methodology for determining
the category of TC of building structures, and selecting
the considered building objects (buildings, structures) for
overhaul, within the framework of a given category of
TC, or for all categories of TC. Let us consider the stages
of the proposed methodology.

1 Determining technical
building structures

First, it is necessary to survey building constructions
and structures by wvisual inspection, instrumental
measurements, and tests in natural and laboratory
conditions. As a result of this procedure, a set of
quantitative and qualitative indicators of the serviceability
of the building (structure), its parts and structures will be
formed. Further, an expert group, which includes experts,
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representatives of building repair and construction
organizations, etc., determines the category of TC of
building constructions and structures for each object
under consideration in accordance with the set of
quantitative and qualitative characteristics of their
operational condition.

Let us consider a set of analyzed building objects

(alternatives) A ={4;|i= I,_n} , a set of categories of TC
of building constructions K ={K; |/ = I,_S} and a group of
experts E={F I | j =l,_t} , who form the profiles of expert

preferences H=1{y ;[ j = l,_t} . It is necessary to determine
a TC category for each given alternative: V4; € A,
i=ln: (4;,K;), I=1,s. The pair (4; K;) defines the
belonging of the object 4; to the category K.

The procedure of determining the TC category based
on the mathematical apparatus of the theory of evidence
consists of the following sequential iterations:

1.1 Expert preferences identification

Each expert E; €E is invited to determine a TC

category K; €K, or to distinguish some groups of TC

categories Y, ={K; |l:1,_s} ,1<s<z Y, cK, and to set
the corresponding numeric value b, within the given scale
of expert measurements, which describes the degree of
preference of the analyzed object in relation to the set of
other options (to a set K), for all analyzed objects 4; € A .

An expert can establish several categories at once, for
the analyzed object, or even refuse to evaluate them if he
is not sure about his choice. As a result of the

corresponding procedure, a set H={y; |/ :I,_t} will be

formed, each element of which represents the expert
preferences profiles of the categories of TC of the

analyzed objects y j=<X g-i ),Bg-i ) s , = I,_n Each subset

X }i) ={Y; |k :I,_d} , d< Z‘K‘ reflects the preferences
(choice) of the expert F ;€E regarding the category (s)

of the TC of the object 4; € A . Any subset of Y, contains

the preferred categories (groups of categories) of the TC
K; e K of the analyzed object 4; € A and can be built

on the basis of the next rules [15-17]:

1. Y, ={J};

2. Y ={K}};

3. Y =1k |1=1.8},g<s;
4.V, =K ={K, |I=1,s} .

(M

Thus, for each alternative A4; € A, a subset system
{X g-i) | j =ﬂ} will be formed that displays the choice of
all experts regarding the TC category of 4; € A .
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For each subset system X y) ={Y, |k =l,_d} a vector

BY) ={b, |k =1,d} will be formed, which contains the
numerical values of the degrees of preference b, of
Y ng-i) (Y, >K), selected by the expert E; for each
analyzed object 4; € A.

If the expert E; refused to evaluate 4, then we accept
that his choice is equal to X _Si) =, which reflects a

situation of complete ignorance of the expert regarding
the current choice.
1.2 Determining basic probability assignment of

corresponding subsets Y, < X y)
For each formed subset system X ;i) ={Y; | k= L_d} ,a

vector M(ji) ={m; |k=1d+1} will be obtained, the

elements of which are calculated by the next formulas
[17]:

mk(Yk)z d ’(lzlsd); (2)
i=1
__a
md+l(K)_ d 3)

i=1

The value m, ,(K) reflects the degree of complete

ignorance of E; corresponding to the object 4; € A .

1.3 Determination of the order of experts’ evidence
combination

Determination of the order of evidence combination
based on dissimilarity measures in evidence theory allows
getting more effective results of combination.

To perform this procedure, the degree of difference

between X;? and X;iz), v(jl,j2)=1,_¢, is calculated

based on e.g. the measure [18]:

4,09 M) = Lol MO b ). )
Elements of the 25 x 25 matrix D={d,},
dg,=1Z;NZ), | / Z,VZ p| measure the difference

between elements (subsets) Z; and Z, of the set 2K,

The value of d( Mg?l) ,MS%) € [0, 1] represents the

distance, which reflects the difference and expresses the

degree of conflict between MS’I) and M% .

For aggregation the corresponding values of Mg.i]) s

Mg?),
are selected which satisfy the below

min(d (M), M), v(j1.j2)=11.

At (@) @)
at each stage of combination such M il and M b

condition:
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1.4 Aggregation of expert evidence

Aggregation of expert evidence in the notation of the
mathematical theory of evidence is carried out by
combining the obtained basic probability assignments

MY ={m, |k=1d+1} for all experts E, (j=L1).

Thus, —1 combining operations will be performed.

To obtain aggregated estimates, it is recommended to
use one of the proportional conflict redistribution rules.
Since when using any of these rules, the resulting
combined basic probability assignments are formed by
adding parts of the total conflict mass or local conflict
masses to the corresponding value m(+). In this case, the
resulting subsets correspond to the original ones; new
subsets are not formed.

The combined basic probability assignments mpcgs(C)
according to the proportional conflict redistribution rule

PCRS5 (VC <2k \{J}) are calculated based on the
expression [19]:

mpcrs(C) =my(C) +
m(X)? my(¥)  my(X)? (@) | s
my(X)+my(Y)  my(X)+m(Y)

+
ve2X\(x}
XNY=g
In equation (5), m»(C) corresponds to the combined

basic probability assignments for the subset C=XNY,
which is calculated based on conjunctive consensus.
As a result of combination produce the

x0 = {Yr(,? | rk = E} , 9= Z‘K‘ —1 (except the empty

ez

set

set), will be obtained. This set contains the resulting

x®

subsets obtained by combining X 511) and 72

V( Ji» jz):ﬂ, and a vector Mg?z containing the basic
probability assignments ., (Y, r(,f)) of the resulting

subsets Yr(]i) forthe 4, € A.

1.5 Construction of the final ranking of categories of
TC for A4;

For final ranking construction, it is necessary to
calculate the values of belief Bel(X) and plausibility PI(X)
function, which in the mathematical theory of evidence
represent the upper and lower bounds of the interval that
contains the exact probability value P(X) of subset X.

The Bel(*) and PI(*) function are calculated for each

subset Yr(]? in the following way:
Bel(X) = Zm(Y) ;

vy (6)
Pi(X)=Y.m(Y). )
YNnX#J

The priority of the subset Yr(,f) is established by
comparing the
[Bel({Y5)}), PICY D)
plausibility function.

intervals
belief

obtained

formed by and

95
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The element (a subgroup of elements of the original
set) is considered as the best choice if belief and
plausibility function values for it are the largest among
similar values of all elements.

In the case when the considered intervals are nested,
their comparison can be carried out using the expression:

a-Bel({YO ) +(1-a)-PIYY) Ja e [0,1. (8)

The result of mathematical model construction is a
final ranking of categories of TC for each given

alternative 4;, i=1,n, that displays the choice of all
experts:
i) . g (@) (@) (@) ()
RAV (KD - KD - KD = - K3
1.6 Determination of category of TC for 4;
Next, for each A4;, a category of TC is selected that

meets the below condition: max(m2.,,,»(K;)). Thus, for each
category of TC K, a set of objects can be obtained that

corresponds to it: O; = {A[(l) |i= 1,_2} ,z<n.

At the next stage, the expert group performs the
ranking of objects (building constructions and structures)
within a given category of TC following the data obtained
at the previous stage regarding the belonging of the
analyzed object to a particular category of TC.

2 Ranking objects within a given category of technical
condition

The task is to obtain the resulting ranking of
considered objects (buildings, structures, etc.) according
to the potential damage and the significance of the object,
which makes it possible to rationally allocate available
resources during the planning of the preventive measures
and overhaul, increase the operational reliability and
stability of building constructions for military-civilian
use.

Let us consider a set of analyzed objects (alternatives)

A={4; |i:1,_n} , a set of categories of TC of building
constructions K ={K;|/= I,_S} and a set of experts
E={E;|/j= 1,_t} . At the previous stage, for each category
of TC K|, a set of objects was obtained that corresponds to

K;: O = {Al-(l) \i=1,_z}, z<n. It is necessary to make a

ranking of corresponding building constructions Al-(l)

within the given category K; by a degree of their damage
(expected damage in the event of an emergency) and the
need of an overhaul:

RK; :{Al(l) >—A§” >...>Al.(l) >-...>-A£)},or
RK; AP = AP = o 4D ~ a4l

R,., ={RK; |l =1,s}.
The procedure for constructing a ranking model for

building objects based on the mathematical apparatus of
evidence theory consists of the following steps:
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2.1 Expert preferences identification
The expert E;eE forms a system of subsets

0]

pj(_l) PV =11}, <29, PO <0, reflecting

their preferences (choice) regarding the degree of
technical wear of buildings and repair work required for

object P,-(l) (provided that |Pl»(l) |=1), or group of objects
@f | Pi(l) | >1), corresponding to the K; in accordance with
(1). Next, E; €E sets numerical values (ol(-l) that reflects
the degrees of preference Pl-(l) relative to O, in values of a

given scale of expert preferences, QS.I) = {ml(l) |i= ﬁ} .
2.2 Determining basic probability assignments of
corresponding subsets Pl-(l ) c O
Then,
P}Z) = {Pl.(l) |i=ﬁ} , a vector MSZ) ={m, |k=T+l},
that contains the values of a basic probability assignment
of subset Pl-(l), will be obtained. The elements of My)

for each  formed subset system

can be calculated using the procedure described in Section
1.2.

2.3 Aggregation of expert evidence

Aggregation of individual expert assessments is
carried out on the basis of the operation of the
combination of received expert evidence

PJ(-Z) ={Pl-(l) |i=1,f} and the corresponding values of

Mg.l) ={m |k=1,f+1} for a given category K; according

to the estimates of all experts.

The order of experts’ evidence combination is
determined in accordance with the procedure given in
Stage 1.3. It is recommended to use the rule (5) as a
combination rule.

As a result of combination procedure, in accordance
with the selected combination rule, the set

PO = (pD 1ri=Tv, v<22 -1, will be obtained,
containing the resulting subsets obtained by combining

P](.l) , (= L_t) ; and a vector Mrez(.l)

J containing the basic

probability assignments mreZ(Pr(l-l)) of the resulting

subsets Pr(il) for the category K.

2.4 Making a collective ranking of the analyzed
objects

On the next stage, the collective ranking of the
analyzed objects is formed for a given category K, in
accordance with Stages 1.4-1.5.

As a result of this procedure, a

R,., ={RK;|! =1,s} will be formed, with elements

corresponding to collective rankings of the analyzed
objects for each category of TC.

set
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4 EXPERIMENTS

The purpose of the experiment was to demonstrate the
proposed methodology for determining the TC category
of analyzed construction objects (buildings and
structures), and ranking of the corresponding construction
objects within the given TC category according to the
degree of the need of an overhaul.

The proposed methodology is implemented in a C++
development environment Microsoft Visual Studio 2017.

As an example, that shows how proposed approach
can be used in practical applications, the analysis of the
technical condition of four real estate objects of the
municipal non-residential fund has been done.

Based on the obtained quantitative and qualitative
indicators of the serviceability of the buildings and

structures under consideration A ={4; |i= 1,_4}, a group
of experts E={E; | :I,_t}, =5, was asked to put a TC

category K;, K ={K; |/ = 1,_4} , into compliance with each
of the given alternatives 4;, and for the given TC category
K, identify the one (s) Al-(l) that is (are) most in need of an

overhaul in a given scale of relations.

For the considered example, the nine-point
comparison scale was used: 1 — equal importance; 3 —
moderate superiority; 5 — significant superiority; 7 — clear
superiority; 9 — absolute domination; the values 2, 4, 6, 8
correspond to intermediate gradations [20].

The current Ukrainian regulation standards in the field
of inspection, certification, safe and reliable operation of
buildings and structures determine four categories of TC:
normal, satisfactory, not suitable for normal operation,
emergency.

5 RESULTS
At the first stage of proposed methodology a group of

experts E={E;[j=Lt}, =5 was asked to put a TC
category K, into compliance with each of the given
alternatives A ={4; |i= 1,_4}, or specify preferred groups
of TC categories.

Table 1 shows the results of an expert survey:

subgroups of alternatives (focal elements) identified by
experts and their degree of preference.

Table 1 — Degree of preference for alternatives identified

by experts
Expert preference Alternatives, 4,

E profiles, v ; A, A, A3 As

Y, c Xl(i) K; - K; - K; - K>
E1 -

b < B 7| -4 |6 -1]7

Y, ng) K| - | K|K|K|-|K

b < BY” 6| -|2]l6|7]-1|%¢

Y, c X§i) K | K| Ky - K | K | K
E3 -

by < BY 4066|1359

Y, c Xf) K|l -1K|-|K|K|K
E4 -

b < BY 6 | - | 4] -]6]3]|4

Y, cx¥ K|l -|K| -]k -|K
E5 -

by < BY 70 -6 | - |5]| -6

Next, based on (2)—3), the basic probability

assignments for each of the selected subsets of the frame
of discernment A have been calculated. The results
obtained are shown in Table 2.

The following experts’ competence coefficients values
were used: 0.2, 0.3, 0.25, 0.1, 0.15, respectively. Weight
coefficients, which reflect the competence of experts in
the analysis of the current problem can be determined, for
example, on the basis of one of the methods proposed in
[21-24].

The order of combination was established based on
the obtained metric values (4), and the resulting bpa
values were calculated based on the combination rule (5).

For the alternative 4,, the combination of the obtained
bpas was performed in the following order:

1. Combination of bpas formed by experts £, and Fs,
with min d(m;,m;) =d(m,,ms) = 0.061.

Combination results:

m15(K2) = 0794,
mi5(K) = 0.206.

Table 2 — The basic probability assignments of subgroups of alternatives identified by experts

Experts, £, Basic probability assignments, m(¥.)

A1 A2 A3 A4

E ml(Kz) =0.58 ml(Kz) =0.44 ml(K3) =0.55 ml(Kz) =0.58

! m(K) =0.42 m(K) =0.56 m(K) =0.45 m(K) =0.42

mz(Kl) =0.64 mZ(Kz) =0.16 mz(K3) =0.67 mZ(Kz) =0.64

E, my(K) =0.36 my(K3) =0.47 my(K)=0.33 my(K) =0.36
— my(K) =0.37 — —

m;(K3) =0.38 m;(K3) =0.6 ms(K3) =0.22 m;(K3) =0.7

E; ms(K;) =0.26 m3y(K) =0.4 m3(K3) =0.37 m3(K) =0.3

m;3(K) =0.36 - m3(K)=0.41 -

my(K;) =0.37 mu(K5) = 0.29 my(K3) = 0.26 my(K;) =0.29

Ey my(K) =0.63 my(K)=0.71 my(Ky)=0.13 my(K)=0.71
- - my(K)=0.61 -

E ms(K;) =0.51 ms(K3) = 0.47 ms(K;) =0.43 ms(K;) = 0.47

i ms(K) =0.49 ms(K) =0.53 ms(K) =0.57 ms(K) =0.53
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2. Combination of bpas formed by experts F; and E,,
with d(m3,m4) = 0.228.
Combination results:

m34(K1) = 0.2;
m34(K>) = 0.57;
m34(K) =0.23.

3. Combination of bpas ms(-) and msy(-), with
d(mys,mss) = 0.213.
Combination results:

myzs(Ky) = 0.073;
my345(K;) = 0.879;
m1345(K) =0.048.

4. Combination of bpas m345() and m;(*).
Combination results:

mi345(K1) = 0.34;
mi2345(K3) = 0.64;
Mi345(K) = 0.02.

Thus, the following results were obtained:

X = (K}, (Kq), (K} s
M) =10.34, 0.64, 0.02} .

rez
As can be seen from the above, the maximum value of
bpa was obtained for TC category K,. Therefore, the
alternative A, corresponds to the category K, (satisfactory
state). Similar calculations were performed for all
alternatives:

X&) =Ky}, (K3}, (K} )

rez

M@ =10.6,0.37,0.03} ;

rez

XQ) = (1K}, (K3} (K g}, (KD ) s
M®) =10.20,0.77,0.01,0.02} ;

X&) = (K} (K3}, (K )
M%) =10.66,0.32, 0.02} .

rez

The following conclusions can be drawn from the
results of our research: objects 4;, 4,, A, were assigned to
the category Kj; object A3 was assigned to the category
K.

At the second stage of proposed methodology the task
of the ranking of building objects within the category K,
was considered, for selecting the object (s) that is (are)
most in need of an overhaul.

Within the specified category, the expert group was
invited to evaluate a number of objects belonging to the
category in question. This procedure can be carried out
for ranking objects for all categories of TC.

The degree of preference of expert evidence in a nine-
point ratio scale is shown in Table 3.
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Table 3 — Degree of preference of expert evidence

Ex};;l’ts, pr]s;g;zgce Expert evidence
‘j profiles
PO cp@ A {4y, A} -
Do [ePeer | o s [
P® cp® {41} {4} s}
E, 0),(2) c 9(22) 5 4 7
PO PP | (4, 4 {44} -
D [P [ 7 [ 5 |-
P cp? {41} {4a} -
Es o ca 5 7 -
PP cP® | {4, 44} -
R N

The basic probability assignments for each of the
selected subsets of the frame of discernment were
calculated based on (2)—(3):

Expert E:
ml(Al) = 041,
my(As, A3) = 0.18;
m(A) = 0.41,
Expert E;:
I’I’lz(Al) = 023,
my (Az) = 018,
my (A4) = 032,
my (A) =027,
Expert E5:
m3(4;, A7) = 0.4;
M3(A4) = 028,
my(A) = 0.32,
Expert E4:
I’I’l4(A1) = 019,
m4(A4) = 027,
ma(A) = 0.54,
Expert Es:

m5(A2, A4) = 047,
ms(A) = 0.53.

Calculate the value of the measure (4):

d(ml,mz) = 0258,
d(my,m4) = 0.218;
d(n’Iz,H’I3) = 0220,
d(n’Iz,H’I5) = 0373, d(m3,m4) = 0197,
d(m3,m5) = 0337, d(m4,m5) =0.316.
The metric (4) reaches the smallest value for evidence
of experts E, and E,. Therefore, we are the first to
combine evidence m,(+) and my(*).

d(m,m3) = 0.288;
d(my,ms) = 0.374;
d(ma,my) = 0.174;
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The order of expert evidence combination:

1. my=my @ my; d(m,,myg) = 0.174;
2. myz=my @ ms; d(my,m;) = 0.288;
3. min3a=mi3 © myg; d(mi3,mas) = 0.197;
4. my345=M 1234 D ms,

The combination of expert evidence was carried out
on the basis of rule (5).
Resulting bpas:

mrez(Al):0'32;
mrez(AZ):()'l 175
mrez(A4):0'4 15
mrez(Aly A2)20023,
mrez(AL A4):0' 125
Meen(A)=0.01.

Based on the obtained combined basic probability
assignments, the values of belief and plausibility function
have been calculated using equations (6)—(7) for all
analyzed alternatives:

Bel({4}) = myp345({141}) = 0.32;
Ay A PIEA) = mypzas (14,1) +

+myo345 (141, A2 }) +myn3a5 ({A}) = 0.353,
Bel({4;}) = myp345(142}) = 0.117;
Pl({A4y}) = myp3as ({42 }) + myzas ({41, Ao }) +
+myp345({Aa, Ag}) + myp3as({A}) = 0.27,
Bel({A4}) = myp345({44}) = 0.41;
Pl({A44}) = myn345(144}) + myp3a5 ({A4p, Ag}) +
+myp345 ({A}) = 0.54.

A2:

A4:

The maximum degree of support represented by A, is
0.35; the maximum degree of support represented by A4, is
0.27; the maximum degree of support represented by Ay is
0.54. It can be seen from the above that the obtained
confidence intervals do not overlap and we can conclude
that the choice 4, has the highest values of the belief and
plausibility function, without using coefficient (8).

As a result of the analysis, we obtain a ranking of
alternatives of the following form: Ay > 4; > 4, .

Thus, we can conclude that among the objects
considered in the framework of the category K, the object
A4 needs reconstruction or repair in the first place.

6 DISCUSSION

The methodology for determining the TC category of
analyzed construction objects (buildings and structures),
and ranking of the corresponding construction objects
within the given TC category according to the degree of
the need of an overhaul has been proposed in this paper.

The peculiarity of the proposed approach lies in the
fact that, based on the obtained quantitative and
qualitative characteristics of TC of the analyzed objects
for each TC category, the ranking of the analyzed objects
has been built. After performing this procedure, based on

© Shved A. V., 2019
DOI 10.15588/1607-3274-2019-4-9

the expert evidence, each object of expertise can be put in
line with the TC category. Thus, for each object of
expertise, it is possible to establish priority TC categories,
and accordingly for each category of TC to determine the
objects corresponding to it.

Unlike  existing  approaches, the  proposed
methodology is focused on the analysis of group expert
assessments under multi-alternativeness and allows
synthesizing collective ranking taking into account
specific ~ types of  uncertainty  (inconsistency,
incompleteness, inaccuracy and others) under the
influence of which expert judgments are formed. Such
benefits are achieved by using the expert evidence
combination mechanism, for the aggregation of individual
expert assessments based on the mathematical apparatus
of evidence theory, and proportional conflict
redistribution rules.

The mathematical apparatus of evidence theory allows
modeling the uncertainty in expert judgments through the
presentation of inaccuracies in expert assessments (an
expert can refuse to evaluate a specific object, evaluate a
group of priority objects at once). The absence of
limitations on the form of expert data (interval or crisp
expert estimates) enables the expert to express his opinion
on the subject under consideration as accurately as
possible, which in turn would allow increasing the
efficiency of his work.

The above numerical calculations show the
effectiveness of the proposed approach under conditions
of incomplete (an expert may refuse to evaluate an object)
and conflicting (inconsistent) expert information.

The proposed approach can be used as an addition to
existing methods for evaluation of the TC of buildings
and structures, and selection of priority objects for further
reconstruction and overhaul.

CONCLUSIONS

The methodology for the synthesis of group decisions
to determine the TC category of military-civilian
construction objects, including buildings and structures,
and selection of the construction objects for the
reconstruction, overhaul under uncertainty of the expert
data, has been proposed in this paper. The application of
this technique will improve the efficiency of trouble-free
operation of military-civilian objects.

The scientific novelty of obtained results lies in the
fact that the method for aggregating the expert judgments
of TC categories of building constructions and structures
under group decision making, based on the mathematical
apparatus of evidence theory, has been improved. By
contrast to existing group expert’s evaluation methods,
which are based on the mechanism of pairwise
comparison, the proposed technique allows to remove
restrictions on the number of analyzed objects of
examination, and the necessary condition for the
consistency of expert’s assessments. The obtained results
are adapted to the features of the analysis of group expert
assessments formed under large expert groups, complex
types of uncertainty, multi-alternatives, conflicting, and
contradicting expert judgments.
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The practical significance of obtained results
indicates the possibility of applying a qualitatively new
approach to solving the problem of the TC evaluation of
military-civilian objects under uncertainty and inaccuracy
of the expert data. The proposed approach constitutes the
theoretical basis for the construction of an automated
decision support system for implementing projects of the
TC assessment of military-civilian objects.

Prospects for further research are to develop
scientifically based approaches to obtaining objective and
reliable expert information that would improve the quality
and reliability of the received expert evidence; to state
methods of formation of the composition of an expert
group in accordance with expert level of competence.
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YK 519.816:624
CHUHTE3 I'PYIIOBUX PIIIEHD B 3AJJAYI AHAJII3Y TEXHIYHOT'O CTAHY BYAIBEJIBHUX OB’€EKTIB
BIVICbKOBO-IIUBLJIBHOT'O ITPU3HAYEHHSA

IBex A. B. — xana. TexH. HayK, JOLEHT Kadeapu imkeHepil mporpamHOro 3abesrnedeHHs YOPHOMOPCHKOrO HAIlliOHAIBHOTO
yHiBepcutety imeni [Terpa Morunu, Mukonais, Ykpaina.

AHOTAIIA

AKTyaJbHicTb. JIOCHTh YacTO MpH MPOBEACHHI NpOoLEAyp HIarHOCTHKU i MOHITOPHHTY TEXHIYHOTO CTaHy OyIiBens i cnopyn
3aTydaroThCsl €KCIepTH-(axiBli, IPH [bOMY BHHHMKAIOTH CHUTYyalii, KOJIHM JaHi, OTPUMaHi eKCHEPTHHM LUIIXOM (OPMYIOTECS B
YMOBax CeMU(iYHUX BHIB HEBU3HAYCHOCTI, Ta IX MOXKIMBHX KOoMOiHamii. [le 00yMOBITIOE€ HEOOXITHICTH PO3POOKH HOBHX ITiIXO/IIB
CIIPSIMOBAaHMX HA BUPIIICHHS 3aBJaHb CTPYKTypu3alii Ta aHaNITHYHOI 0OpOOKM HETOYHMX, HEBH3HAUCHHX, HEYITKUX EKCIIePTHHX
3HaHb.

Meroa. 3anpornoHoBaHa B po0OOTI METOOMKA CHpPAMOBaHA HAa BH3HAYEHHS KaTeropii TEXHIYHOrO CTaHy Ta PaHXKyBaHHS
BIZMOBIIHKX OymiBETbHUX 00’€KTIB B paMKax 3a7aHOi KaTeropii TEXHIYHOrO CTaHy 3a CTyNeHeM ix HeOe3meku (04iKyBaHOTO 30MTKY
MPY HACTaHHI aBapiiiHOi curyarlii). B OCHOBI 3aIpPONOHOBAHOT METOAMKH JIe)KAaTh METOAM CKCIICPTHOTO OI[IHIOBAHHS Ta METOIIB
Teopii CBiOUTB, SKi JO3BOJSIOTH 0OPOOIATH SKCIEPTHI CYKEHHS ¢(hOPMOBaHI B YMOBaX HEBU3HAYCHOCTI, HETIOBHOTH, HETOYHOCTI.
3 MeTOIO MiABUIIEHHS SIKOCTI Pe3yJIbTaTiB KOMOIHyBaHHS 3alPONOHOBAHO BUKOPHUCTOBYBATH IIPABHIIA EPEPO3IOALTY KOH(MIIIKTIB Ta
BH3HAYATH MOPSIIOK KOMOIHYBaHHS €KCIIEPTHIX CBiJOITB HA OCHOBI METPHUK TEOPIT CBIZIONTB.

PesyabTaT. B po6oTi 3anpornoHOBaHO METOIMKY CHHTE3y TPYNOBUX PIlICHb OLIHKU TEXHIYHOTO CTaHy 00’€KTiB IMBLIBHOTO,
IIPOMHCIIOBOI'O Ta BifiCBKOBO-TEXHIYHOrO MPU3HAYEHHs, Ta BU3HAUYCHHS TAKNX 00 €KTIB, SIKI IIEPIIOYEProBO MOTPEOYIOTh PEMOHTHO-
OymiBenbHUX pOOIT (KamiTalbHOrO PEMOHTY, PEKOHCTPYKIii TONm[O) B yMOBax CKIagHUX (OPM HEBH3HAYCHOCTI Ta
OaraToaJbTEepPHATUBHOCTI. 3aCTOCYBAaHHS 3alPOIIOHOBAHOI METOJMKH JJO3BOJIUTH PAIliOHAIBHO PO3HOAUIATH HasBHI PECypcH IIpu
MJIaHYBaHHI TONEPE/PKYBAIIHUX 3aXO0/IiB 1 IPOBEACHHS PEMOHTHHX POOIT 3 METOIO 3amo0iraHHs MOMJIMBMX HETaTMBHHMX HACIIAKIB
(oOMekeHHsI Ipare31aTHOCTI, aBapifHOTO CTaHy) Ta MiABHIIECHHS e()eKTHBHOCTI iX Oe3aBapiiiHOI eKcIuTyaTaitii.

BucHOBKH. 3amporoHOBaHa METOJHMKA CTAaHOBUTh TEOPETHYHE MiAIPYHTS JUIS [POCKTYBAHHS CHUCTEM MiATPUMKH NPUAHSITTS
pIIeHHS 3a7a4 MOHITOPHHTY TEXHIYHOTO CTaHy 0O0’€KTIB JKHTIOBOI Ta HEXHTIOBOI HepyxomocTi (OyniBenb, cCHopynd) pi3HOro
TIPU3HAYCHHSI.

KJIFOYOBI CJIOBA: Teopus CBiJOITB, KaTEropisi TEXHIYHOIO CTaHy, paH)XyBaHHs, EKCIIEPTHI OI[IHKH, HEBU3HAYEHICTb.

YK 519.816:624

CHUHTE3 I'PYIIIOBBIX PEIIEHUI B 3ATAYE AHAJIM3A TEXHUYECKOI'O COCTOsIHUSI OFBEKTOB
BOEHHO-TPA’XKAAHCKOI'O HABHAYEHUA

IIBex A. B. — xaHj. TexH. HayK, JIOIEHT Kadeapsl HHXKEHEPUH MIPOrpaMMHOro odecredeHns YepHOMOPCKOT0 HAIMOHAIBHOTO

yHuBepcurera uMenu Ilerpa Morunsl, Hukonaes, Ykpanna.
AHHOTANUA

AKTYaJIbHOCTB. J[0CTaTOUHO 4acTO U NPOBEACHUU IPOLEAYP AUATHOCTUKY XU MOHUTOPHHIA TEXHUUECKOI'O COCTOSIHUS 31aHUH
U COOPY>KEHUH MPUBIEKAIOTCS 3KCIEPThI-CIELUATNCTHI, IPH 3TOM BO3HUKAIOT CUTYallUH, KOT/a JaHHbIE, TOMyYEeHHbIE SKCIIEPTHBIM
myTeM, GOPMHUPYIOTCS B YCIOBUSAX CIIEHU(PUUECKUX BUJOB HEONPEIEICHHOCTH, 1 UX BO3MOXKHBIX KOMOMHALMKA. DTO B CBOIO OYepelb
o0ycaBIMBaeT HEOOXOAMMOCTh Pa3pabOTKM HOBBIX IOAXOIOB HAMPABICHHBIX HAa pEIICHHE 3a4ad CTPYKTYPHUPOBAaHUS U
AHAINTHIECKOH 00pabOTKH HETOUHBIX, HEOTPEIECTECHHBIX, HEUETKHX IKCIEPTHBIX 3HAHHUH.

Metoa. B pabore mpennoxxeHa MeTouKa BEIOOpa KaTErOPHU TEXHUYECKOTO COCTOSHUS M PAHXXHPOBAHHS COOTBETCTBYIOLIHX
CTPOUTENIFHBIX 00BEKTOB B paMKax 3alaHHOI KaTerOPUH TEXHUYECKOTO COCTOSHHS MO CTETIEHH MX OIIAaCHOCTH (0XKMIaeMoro ymepoa
NP BO3HUKHOBEHHH aBapHHHOI cHTyanuu). B OCHOBE Npemyio)XeHHOW METOJMKH JIeKAT METOABI SKCIIEPTHOTO OLICHMBAHUS U
TEOPUH  CBHJETEILCTB, KOTOPHIE II03BOJISICT KOPPEKTHO OIEPUPOBaTh C JaHHBIMH, C(OOPMHPOBAHHBIMH B  YCJIOBHSX
HEONPENEeTICHHOCTH, HEMOJIHOTH, HETOUHOCTH. C IIeTbI0 MOBBIIEHHUS KauecTBAa Pe3ylbTaTOB KOMOMHHPOBAHUS TMPEII0KEHO
UCIIONIB30BATh IIPABHJIA INEpepacrpeseleHus] KOH(QIMKTOB M ONPENEIATh ONTHMAJbHBIA MOPANOK KOMOMHHPOBaHHS Ha OCHOBE
METPHK TEOPHUH CBHJECTEIBCTB.

PesyabTathl. B paboTe mpemioxkeHa METOAWKA CHHTE3a TPYNIIOBBIX PEMICHHI OIEHKH TEXHHYECKOTO COCTOSHUS OOBEKTOB
IPa’kaHCKOTO, MIPOMBIIUIEHHOTO M BOGHHO-TEXHHYECKOTO HAa3HA4YCHUS, U ONpEeAeNeHHe OOBEKTOB, KOTOPHIC B MEPBYIO OYepelb
HYXJAIOTCS B IIPOBEICHHU PEMOHTHBIX pPA0OT (KAaNMTAIBHBIA PEMOHT, PEKOHCTPYKIHS M T.JA.) B YCIOBHUS CIOXHBIX (OpM
HEOIPEJIETICHHOCTY ¥ MHOI0aJbTePHATUBHOCTH. IIpyMeHeHue NpeasokKEeHHOM METOAMKU IO3BOJIUT PALlMOHAIBHO pacIpeleisaTh
HMEIOIINECs] Pecypchl INPH IUIAHUPOBAaHHMU TPENYIPEIUTEIbHBIX MEPOIPHUITHH W IPOBEICHUS PEMOHTHBIX pabOT C ILENbIo
NOBbINIEHHS 3P (HEKTUBHOCTH HX Oe3aBapUiHHON SKCILTyaTalliH.

BeiBonnl. [IpeqioxeHHas METOMKA COCTABIISIET TEOPETUIECKOE OCHOBAHUE ISl MPOSKTUPOBAHHS CUCTEM MOJEPKKH MPUHATHS
pelIeHus 3aa4 MOHUTOPHHTa TEXHHYECKOTO COCTOSHHS 00BEKTOB JKMIION U / MM HEXHJIOH HEIBIDKIMOCTH (3aHUI, COOPY>KEHUI)
Pa3sHOrO Ha3HAYCHHS.

K/IIOYEBBIE CJIOBA: Teopus CBUAETEILCTB, KATErOPUsl TEXHUUYECKOIO COCTOSHUS, PAaHKUPOBAHUE, DKCIIEPTHBIC OLICHKU,
HEONPEJIETIEHHOCTb.
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